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This thesis is concerned with Gallium Arsenide Metal Semiconductor Field 
Effect Transistor Microstrip Integrated Circuit Dielectri~ Resonator 
Oscillators (GaAs MESFET MIC DROs) - the different types, their design and 
their performance compared to other high Q factor (ie narrowband) 
microwave oscillators. The thesis has three major objectives. The first is 
to collate the information required to build microwave DROs. The second is 
to present the practical results obtained from Dielectric Resonator 
Bandreject and Bandpass filters (DR BRFs and 9R BPFs). The last is to 
present and compare results from a DR stabilised microstrip oscillator and 
three types of series feedback DROs. 
Narrowband oscillators are usually evaluated in terms of their frequency 
stability, reliability, size, cost, efficiency and output power 
characteristics. In terms of these parameters DROs outperform Gunn cavity 
oscillators and are only bettered by crystal locked sources in terms of 
frequency temperature stability and long-term stability. The components of 
a GaAs MESFET MIC DRO possess ideal properties for the construction of a 
narrowband source with the excepti n of the long term stability of the 
GaAs MESFET. GaAs MESFET·DROs have the best published DRO results for 
efficiency, output power, power temperature stability and external Q 
factor. 
Basic oscillator theory derived by Kurokawa can be applied to both 
negative resistance and feedback oscillators. Impedance locus, device-
line and operating point concepts provide a convenient framework for 
understanding hysteresis in microwave oscillators. The work by Kurokawa 
can also be translated into the S-parameter domain which has proved 
convenient for the design of microwave oscillators. 
A DR can be used in two ways to produce a DRO - as a passive stabilisation 
element for a free-running oscillator, or, as part of the intrinsic 
oscillator feedback circuit. Design of a DRO is best done using s-
parameters since these are easily measurable for the active device and DR 
resonant circuit. Mathematical models exist for DR BRFs and DR BPFs and 
the equivalent circuit elements can be determined from scalar measurement 











equally coupled DR BPFs to be entered on TOUCHSTONE which already has 
suitable models for the active device and microstrip feedback/output 
elements. To the Author's knowledge, the theory required to determine the 
equivalent circuit elements of an equally coupled DR BPF from scalar 
measurements on a network analyser has not been reported on before. 
Once a particular oscillator topology has been chosen, the three basic 
parameters available for optimisation are - selection of the active 
device, the matching of the device and the coupling of the resonant system 
into the microwave circuit. An investigation rnto the optimisation ·of 
these parameters for best noise, best frequency temperature stability, 
best long term stability, maximum output power and maximum efficiency 
showed that optimisation for a particular characteristic proceeds, in 
general, at the expense of the others. 
Suitable DR BRFs for use in DROs were constructed on both lOmil and 31mil 
dielectric RT DUROID 5880 at 5.75 GHz. The lOmil dielectric DR BRFs were 
found to have a far narrower coupling range (O.l to 1.5) than the 31mil 
dielectric DR BRFs ( O. 2 to 13.) but higher Quality factors over that 
range. For the 3lmil DR BRFs tested a second DR mode was found to exist 
close to the TE frequency • 
. 01 
Practical results showed that, whilst DR BRFs are best characterised from 
reflection measurements, transmission measurements are best for DR BPFs. 
Practical transmission coefficient measurements of equally coupled DR BPFs 
were used to derive equivalent circuit models. The TOUCHSTONE results 
from these models agreed very closely with the initial measurements 
indicating that the equivalent circuits calculated from scalar network 
analyser measurements were correct. This result also validated the theory 
derived. 
A Three-port microstrip topology was found to be suitable for the 
/ 
construction of an unstabilised microstrip oscillator at a specific 
frequency with high output power and a poor pulling factor. To design such 
an oscillator on a frequency domain computer package such as TOUCHSTONE 




I b·e reduced to allow for saturation of the transistor 
under large signal steady- state conditions. The required reduction in 
I S
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signal start up conditions there are two possible source load reactances 
which give a particular gate reflection coefficient: this results in two 
possible oscillator configurations. Both configurations were evaluated on 
TOUCHSTONE and the oscillator with the best characteristics was then 
constructed. This oscillator was found to meet all the criteria specified 
for an unstabilised source. 
To produce a stabilised ORO, a DR was placed on the output of the 
constructed micros trip oscillator. Adding the DR had the effect of 
drama ti call y improviny the stability of the oscillator over the 
' stabilisation range. The actual stabilisation performance did not, 
however, agree well with theory and stabilised oscillation did not occur 
at the design frequency of 5.75 GHz. 
Three basic configurations exist for a series feedback ORO - common 
source, common drain and common gate. All three types of oscillator were 
constructed and their performance evaluated. 
The common source oscillator was found to have the best ,~uni11_ei:~. range, 
frequency temperature stability and pushing and pulling characteristics. 
Highest output power and efficiency results at 5.75 GHz were recorded for 
the corrmon source and 
conclusions can be drawn 
corrmon gate oscillators 
from the results obtained. 
respectively. Four 
Firstly, the small 
signal S-parameters supplied by the device manufacturer are useful for 
calculating the required reactance of the common stub, but not the 
placement of the DR. Secondly, the placement of the DR is best performed 
practically. Thirdly, the oscillator configuration which gives the best 
frequency stability results cannot be accurately predicted from the 
manufacturer's small signal data - but only from actual construction of 
the oscillators. Finally, frequency stability can be traded off against 
output power and efficiency. 
Future research work · on 
in the 
DR filters should investigate 
construction of DR BRFs and 
further the 
BPFs such as par~neters involved 
dielectric thickness as well as the elimination of undesirable DR modes. 
It is envisaged that more accurate design methods for series feedback 
STDROs will involve large signal measurements although little practical 











altnoug~ not pursued, offers several areas for future research. These 
include ascertaining the most practical design method and deriving an 
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This thesis is concerned with Gallium Arsenide Metal Semiconductor Field 
Effect Transistor Microstrip Integrated . Circuit · D.ielectric Resonator 
Oscillators (GaAs MESFET MIC DROs) - the' different types, their design and , 
their performance compared to other microwave oscillators. To this- end the 
aims of this thesis can be stated as follows: 
(1) to examine the GaAs MESFET MIC DRO as a fixed frequency highly stable 
microwave (mw) source in terms of its components 
(2) to present the results of an extensive literature survey on DROs 
(3) to compare GaAs MESFET MIC DROs with other types of mos and other 
highly stable mw oscillators 
(4) to collate the basic oscillator theory required to understand and 
design new oscillators 
(5) to present the theory required to characterise the components of a 
GaAs MESFET MIC ORO in terms of s-parameters and to present suitable 
S-parameter design techniques for different types of DROs 
(6) to discuss the different criteria which are important in oscillator 
design and the tradeoffs involved 
(7) to characterise DR Bandreject Filters (BRFs) and DR Bandpass Filters 
( BPFs) from practical measurements . -
(8) to investigate practically DR stabilised mw oscillators and series 
feedback DROs 
(9) from the practical results to cane to conclusions as to which type of 











(10) to make recommendations as to the possible direction of further work 
The scope of the practical research work whic.h could be accomplished was 
severely limited by the fact that only a single DR was availabl~ and the 
FETs were expensive. Practical oscillator construction was limited to 
oscillators with DR BRFs - parallel feedback oscillators are not 
considered in this thesis. The lack of equipment to measure noise 
performance ruled out noise measurements which provide an important 
indication of frequency stability. 
It is shown that it is not possible to optimise for all criteria 
simultaneously, so that oscillator design becomes a matter of compromise. 
This thesis can be divided into four sections. The first section, 
comprising Chapters 2 to 6, describes the research completed to satisfy 
aims (1) to (6). This forms the literature survey section of the thesis. 
The second section, which consists of Chapters 7 and a, outlines practical 
measurements taken on DR BRFs and DR BPFs to characterise the filters in 
terms of their equivalent circuits (aim 7). Chapters 9 to 11, which make 
up the third section, describe the practical work done in designing, 
building and evaluating DR stabilised oscillators and series feedback DROs 
(aims (8) and (9)). The final section, Chapter 12 and Chapter 13, 
summarises the main results and conclusions and makes recommendations for 
future work (aim 10)). 
A breakdown of the different chapters is nCM given. 
Chapter 2 serves as an introduction to mw oscillators. 
Chapter 3 introduces DROs and compares them with two other types of 
narrowband imw sources. GaAs MFSFET MIC DROs are examined in terms of the 
properties required by a stable mw frequency source. The chapter presents 
the results of an extensive literature survey of DROs and using these 
results GaAs MFSFET MIC DROs are compared with other t-ypes of DROs. 
Chapter 4 presents ·the basic oscillator theory required to understand the 
design of mw oscillators. This theory is used in Chapter 5 to describe the 












microwave frequencies s-parameters provide the best practical method of 
characterising oscillator components so the relevant s-parameter theory is 
described. 
Chapter 6 considers the criteria for best noise performance, best 
frequency temperature stability, best long-term stability, maximum output 
power and maximum efficiency. 
Chapter 7 describes practical measurements taken on DR Band Reject Filters 
to allow calculation of R, L and C for the equivalent model as a function 
of distance of the DR from the microstripline and airgap height.. Chapter 
8 follows with the corresponding practical measurements taken on DR 
Bandpass Filters. 
Chapter 9 describes the design, construction pnd evaluation of a DR BRF · 
stabilised oscillator. The design of a 3-port MIC oscillator is presented 
along with the theory required to stabilise it with a DR BRF. The results 
from the stabilised oscillator are corrpared with theory. 
Chapter 10 presents the practical Common Drain (CD), Common Source (CS) 
and Common Gate (CG) series feedback oscillators constructed. The results 
for the three configurations are corrpared and discussed~ Conclusions are 
drawn as to the success which can be attributed to designing with the 
small signal S-parameters supplied by the manufacturer. 
Chapter 11 evaluates the results from the DR stabilised oscillator and 
series feedback DROs to come to a conclusions as to which type of 
oscillator provides the best design choice. 
The penultimate chapter, Chapter 12, sumnarises the irrportant results and 
conclusions, leaving the last chapter·, Chapter 13, to make recommendations 














Microwave oscillators form an integral part of most microwave systems. 
Such systems include radar, navigation systems, satellite conmunication 
links and systems for military applications such as electronic warfare. 
The first microwave sources used bulky klystron or magnetron tubes which 
require large power supplies. During the 1960s the first solid-state 
microwave devices became available in the form of Gunn diodes and impatt 
avalanche transit time (IMPATT) diodes. Gunn diodes and IMPATT:'diodes are 
examples of tYJO terminal negative resistance devices. 
The 1970s saw a major advance in microwave solid state technology with the 
development of the bipolar silicon transistor and the Gallium Arsenide 
(GaAs) metal semiconductor field effect transistor (MESFET). These devices 
have three terminals. 
Solid-state technology has resulted in microwave sources which are highly 
cost effective, reliable, low noise, efficient, physically small and which 
require low voltage power supplies. 
2.2 Wideband, Narrowband and Fixed Frequency Microwave oscillators 
Microwave oscillators can be split into three basic categories -wideband, 
narrowband and fixed frequency oscillators. 
2.2.1 Wideband Oscillators 
Wideband oscillators are designed to be electronically tunable over a 
bandwidth of an octave or more. There are two basic types using solid-
state devices - YIG tuned and varactor tuned oscillators. 
Yttrium iron garnet (YIG) is a material which provides a high Q resonance 











magnetic field and greater than octave band tuning is possible (Papp, 
1980). Since the resonant circuit is high Q, YIG tuned oscillators have 
good spectral purity but their frequency agility is poor. 
Varactor tuned oscillators differ fundamentally from YIG tuned oscillators 
in that they are essentially low Q voltage controlled oscillators. In 
this case the reverse voltage across the varactor diode determines the 
resonant frequency while the low Q circuit results in excellent frequency 
agility but poor noise performance. 
2.2.2 Narrowband and Fixed Frequency Oscillators 
Fixed frequency oscillators are used to provide a reference signal. 
Frequency stability and spectral purity are therefore of paramount · 
importance. Narrowband oscillators are usually designed as fixed 
frequency oscillators with the facility to perturb the frequency over a 
narrow bandwidth. This allows the source to be either frequency modulated 
or locked to another signal. 
Producing a solid-state stable microwave source requires a resonant system 
with high frequency stability and an active device. Fixed frequency or 
narrowband solid state microwave sources can be. classified according to 
the type of resonant system employed. The three most cOITIIlon are quartz 












THE Ga.As MESFET MIC DRO AS A NARROWBAND FREQUENCY SOURCE 
3.1 Introduction 
This chapter begins by introducing DROs and defining their scope as 
microwave sources. It then outlines factors which are important to 
narrowband frequency sources. Using these factors DROs are corrpared with 
two other solid-state narrowband sources - namely Gunn diode Cavity 
Resonator oscillators and quartz crystal phase locked oscillators. 
By examining the properties of the components of a Ga.A~ MFSFET MIC DRO it 
is shown that these oscillators have the inherent potential to be 
excellent narrowband frequency sources. A .table is presented as an 
appendix reviewing the DRO results found after an extensive literature 
review. The best results for Ga.As MFSFET DROs and other types of DROs are 
surrmarised in a table in the main text. 
The chapter is concluded with a surrmary of the main results •. 
3.2 Dielectric Resonator Oscillators 
Dielectric resonator oscillators consist of three basic components: 
(1) a solid-state active device - OROS have been constructed using Gunn 
diodes, IMPATT diodes, bipolar transistors, Ga.As MESFETS and HEMPTs 
(high electron mobility transistors) 
(2) a dielectric resonator in 1939 R.D. Richtmyer showed that 
unmetalised dielectric objects can function as electrical resonators. 
Their advantages over other microwave resonators are discussed in the 
next section 
(3) a circuit connecting the dielectric resonator system with the active 
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Dielectric resonator oscillators have been constructed at frequencies from 
1 GHz (Loboda, 1987) to 35 GHz (Dow, 1986). The lower frequency limit is 
determined by resonator size (>2 inches in diameter for ~ ~ 40) while the 
.upper frequency limit is established by. the minimum Q which can be 
tolerated as the intrinsic Q falls off with increasing frequency (Plourde, 
1981). 
DROs can be divided into two basic categories - negative resistance DR 
oscillators and feedback DR oscillators. 
If the active device used is a two terminal device then the class of 
oscillator which can be constructed is limited to that of a negative 
resistance DR oscillator. A three terminal device (i.e. a transistor) can 
be used to produce either class of DR oscillator. 
3.3 Factors Important to a Narrowband Oscillator 
When evaluating a narrowband solid-state frequency source the following 
factors need to be considered - frequency stability, reliability, size, 
cost, efficiency and output power characteristics. 
(a) Frequency stability 
The primary requirement for a reference signal 'is that it be 
frequency stable. The frequency stability of an oscillator is 
characterised in 
factors, 
terms of noise, temperature stability, pushing and 
mechanical stability and long-term stability pulling 
(aging). Most narrowband oscillators are used as local oscillators 
(Los) where a very clean signal is required. Thus both.-AM'and':EM 
(phase) noise need to be kept to a minimum. This is especially ture 
for digital mw corrmunication systems where a low bit error rate is 
essential (Varian, 1986: 87) Frequency temperature stability is 
important since many military and corrmercial corrmunication 
applications of mw oscillators demand reliable operation, within a 














Oscillators are usually fundamental building blocks in the systems in 
which they ' are used. As a result failure of the oscillator will 
invariably cause the whole system to fail. Reliability ~hus becomes 
a very important criterion and this is especially true for 
oscillators in systems which cannot be easily serviced. Satellites 
and missiles are examples of systems where reliability is crucial. 
The reliability of an oscillator is a function of the number of 
components, the reliability of each individual component and the 
operating conditions of the oscillator 
(c) Size 
Besides the obvious space advantages, reducing the size of art 
oscillator also results in decreased weight and advantages in cost 
and reliability 
(d) Cost 
To be economically viable the cost of an osciilator should be kept as 
low as possible. Thus oscillators which have low component counts 
and use the cheapest technology possible will have an ~conomic edge 
(e) Efficiency 
Oscillators used in applications such as satellites, missiles and 
portable communication equipment must be highly efficient if power 
supplies are to be kept small and light 
(f) Output power characteristics 
The output power characteristics of an oscillator are specified in 
terms of the output power and its temperature stability 
Many narrowband applications such as transmitter carrier generation 
require high power oscillators. There are two possible approaches to 
producing a high power oscillator - either a single high power device 
can be used or a low power oscillator can be followed by a.high power 
amplifier. The first approach 
compactness and efficiency 
stability. 
has advantages in cost, reliability, 










































































































































































































































































































































































































































































































































































































































The main disadvantage of Gunn cavity oscillators as narrowband frequency 
sources are their low efficiency, their average environmental stability 
( 20 times worse than that of a ORO (Mizumura, 1982: 178)) and their high 
power variation. They have been largely superceded by FET OROs. 
Microwave oscillators locked to a crystal oscillator provide the ultimate 
in frequency stability in terms of variation with temperature and long-
term stability. At present they are the only oscillators capable of a 
long-term stability of less than Sppm/year and, as a result1 have to be 
used for applications such as digital microwave telecommunications. 
'Varian (Varian, 1986: 88) has demonstrated that, for frequencies above 10 
KHz from the carrier, GaAs MIC OROS,can outperform phase locked sources in 
terms of FM noise. 
The main disadvantages of phase locked oscillators are that they are 
complex with a large number of ports. This results in a reduction in 
system reliability and high cost (Aga.:i;wal, 1986: 177). 
3.4.1 Conclusions 
It has been seen that OROS now have the p0tential to totally outperform 
Gunn cavity Stabilised oscillators. They outperform quartz crystal phase-
locked oscillators on all criteria except frequency temperature stability 
and long-term frequency stability. Quartz crystal phase locked microwave 
sources still have to be used in applications where very high frequency 
stability is required such as digital microwave telecommunication links. 
3.5 Inherent Suitability of a GaAs MFSFET ORO as a Narrowband Source 
GaAs MFSFET MIC DROs have the inherent potential to be low noise, highly 
temperature stable, mechanically stable, very reliable, compact, low cost 
and highly efficient. These properties are the result of the components 
from'which they are constructed. A GaAs MFSFET DRO consists of: 
(1) a GaAs MFSFET solid-state device 
(2) a dielectric resonator 











This section discusses each component of a GaAs MESFET MIC ORO comparing 
it with alternative technology and then isolating the factors which make 
it particularly suitable for use in a narrowband source. Disadvantages 
-are also discussed. 
3.5.1 The Suitability of a GaAs ME'SFET as the Active Device 
The first DROs were ·constructed using Gunn diodes or IMPATT diodes since 
these were the first solid-state devices to be developed at microwave 
frequencies. 
Three terminal active devices such as GaAs ~ETs and silicon bipolar 
transistors (at frequencies below X-band) have na,.r largely replaced Gunn 
and IMPATT diodes in solid-state microwave oscillators since they are more 
efficient than Gunn diodes and have better noise characteristics than· 
IMPATT diodes (Abe, 1978: 65). 
3.5.1.1 GaAs vs Silicon Technology 
For frequencies below 6 GHz silicon bipolar transistors have an advantage 
over GaAs FETs in that they typically have 6 to 10 dB less FM noise close 
to the carrier (Kajfez, 1986: 490). However, the fact that GaAs has an 
electron mobility six times that of silicon means that it can be used to 
produce microwave oscillators up to 100 GHz (Niehenke, 1985: 28) whilst 
silicon oscillators have only been reported up to X-band. GaAs FET 
devices can be used over the entire MIC ORO range of 1 to 35 GHz. 
GaAs has many intrinsic properties which make it a better material than 
silicon for use in a microwave oscillator (Niehenke, 1985: 25). Of all 
the semiconductors GaAs has the largest band gap between the valence and 
conduction bands. This higher band gap translates into fewer intrinsic 
conduction carriers, especially at high temperatures. This fact makes 
GaAs·suitable for high temperature operation and a good semi-insulating 
substrate material. The higher md:>ility of electrons in GaAs leads to a 
lower resistivity and consequently a la,.rer loss. Besides resulting in a 
higher frequency of operation it also means that GaAs is more efficient 











radiation resistant than silicon which is an important factor for 
consideration in military and satellite applications. 
One disadvantage of GaAs relative to other semiconductors i$ its lower 
thermal conductivity. As a result the length of the heat conduction path 
in the semiconductor must be minimised to keep the junction cool. Another 
disadvantage is that GaAs technology is not yet as reproducible as silicon 
technology leading to variations in device parameters. 
3.5.1.2 Summary of Factors Which Make GaAs MESFETs Suitable for Use in a 
Narrowband Source 
The foliowing factors make a GaAs MESFET a good active device: 
(1) linear phase change with temperature - the phase change with 
temperature of the reflection coefficient looking into a port of a 
GaAs MESFET is linear. This aids the design of oscillators with high 
temperature stability (Tsironis, 1982) 
(2) low noise . - GaAs FETs inherently have a low noise figure. with 
exceptional noise figures such as 1.35 dB at 12 GHz quoted in the 
literature (Niehenke, 1985: 27). Because of their construction FET 
devices produce greate  flicker noise near the carrier than do 
bipolar transistors (Vendelin, 1982: 157). Current development of 
GaAs microwave heterojunction bipolar transistors (HBTs) has resulted 
in three terminal devices with low noise characteristics. on a par 
with silicon bipolars and superior to GaAs FETs (Agarwal, 1986, 180) 
(3) efficiency - GaAs MESFET oscillators 
efficiencies. Figures of 35% .by Gilmore 
by Abe for an unstabilised oscillator 
are capable of excellent 
(Niehenke, 1985: 36) and 38% 
(Abe, 1978: 156) have been 
reported. The typical efficiency for low noise, highly temperature 
·stable GaAs FET DRO units is 15% through X-band (Niehenke, 1985: 38) 
(4) output power - GaAs FET devices capable of producing oscillators with 
output powers of lW (30 dBm) at 8 GHz have been reported (Niehenke, 











application: for example, most LO a~lications require only 5-20 mW 
of output power (Purriell, 1981: 104) 
3.5.1.3 Problem of Long-term Stability of GaAs M&SFET Devices 
With all their advantages GaAs M&SFET DROs have yet to be successfully 
used in digital telecorrmunication systems because of their lack of long-
term stability (Varian, 1987: 583). 
The problem with producing highly stabilised DROs is that the stability of 
the oscillator is not solely dependent on the resonator but also on the 1 
active device. In a recent paper (Varian, 1987) Varian concludes that 
units with long-term frequency stabilities a~roaching those of crystal 
oscillators can be built provided special care is taken with the 
selection, insertion and operating conditions of the FEI' active device. 
Varian isolates the integrity of the FEI' gate as being the main cause of 
long-term drift. The changing of surface states in the device in the 
long-term produces an a~arent change in gate capacitance. By screening 
FETs for small gate capacitance change with time Varian was able to 
product DROs with stabilities of about lOppm/year. 
3.5.2 'Ihe Suitability of a Dielectric Resonator as the Resonant System 
The advantages of dielectric resonators result from the combination of 
properties they possess. They fill a gap between waveguide and stripline 
technologies by providing Qs and temperature stabilities a~roaching those 
of invar cavity resonators along with integrability approaching that of 
stripline resonators (Plourde, 1981: 754). 
The dielectric properties of most irrportance for dielectric resonator 
applications are: 
(1) the Q factor which is approximately equal to the inverse loss tangent 
tari o 











(3) the dielectric constant £ 
Dieiectric resonators provi~e performance comparable to TEo1 mode wave-
guide filters if the following . values are available:'. Q l\J 8000 
and 1f'\J 20ppm/°C or Tf l-2ppm/°C to compete with copper or invar 
respectively. 
DRs with unloaded Q values of 10 000 at 10 GHz and precise linear 
temperature coefficients are naw available (Niehenke, 1985: 36). 
DRs usually have a high value of £"' 40 since the resulting resonators are 
small and have good energy confinement within the resonator thereby 
reducing extraneous circuit effects. 
model mathematically. 
This makes the DR system easier to 




factors make DRs excellent 
(1) excellent frequency stability and purity 
for use. in narrowband 
(a) low phase noise - tests by Loboda et al. (Loboda, 1987: 862) showed 
that the DR contributes negligible phase noise compared with the 
active device in a DRO 
(b) high temperature stability - DRs are new corrmercially available with 
temperature coefficients between -9ppm/°C and +9ppm/°C with a linear 
variation with temperature (Kajfez, 1986: 507). 'lhis allows a DR to 
be selected which will compensate for the linear frequency change 
with.temperature produced by the active device. High DR temperature 
stability (+lppm) is achieved by compensating thermal expansion of 
the resonator aL with a corresponding change in th~ dielectric 
·constant temperature coefficient -rk according to the formula: 
(3.1) 












(c) mechanical stability - tests on DROs designed for missile transponder 
applications at vibration levels of up to 50 Gs at 50-200 Hz yielded 
less than 5 KHz peak to peak FM (Purriell, 81: 108) 
( 2) size - the high, permitt±:vd.:~ty'/of dielectric materials used results in a 
' .- "" ··-"·- ,-.·, .. ~ 
DR of small size for frequencies above about 4 GHz. Small resonator 
size allows the DRO to be easily mounted in an oven to reduce 
temperature effects where desired and also permits many circuit 
configurations to be used 
(3) cost - DRs are made from ceramics and can be produced in large 
quantities at low cost 
(4) efficiency - new dielectric materials are low loss (Tsironis, 1983: 
741) allowing efficient oscillators to be built 
(5) power capabilities - the low loss tangent of the dielectric material 
allows high power operation 
3.5.3 The Suitability of Microstrip Technology in the Construction of DR.Os 
Microstrip offers the following advantages for use in a 
source: 
(1) frequency range - microstrip has been used to construct DROs over the 
entire DR range 
(2) manufacturing tolerances - microstrip can be manufactured to very 
tight tolerance values 
(3) integrability with DR - DRs can easily be magnetically coupled to a 
microstripline to form a resonant circuit. Usually the resonator is 
. used in the TE 0 i mode and magnetically coupled to the TEM rode of 
the microstripline. Higher Q resonant circuits are obtained by 
raising the resonator above the ground plane using rigid low-loss 
dielectric supports of quartz, beryllia or forsterite (Plourde, 1981: 
763) 
(4) integrability with active device - microstripline board facilitates 












(5) reliability - microstrip boards are highly reliable (Hagihara, 1982: 
235) 
(6) size - microstrip allows ~ompact oscillators to be built (Hagihara, 
1982: 235) 
(7) cost - microstrip provides a low cost circuit (Imai, 1985: 242) 
(8) efficiency - microstrip boards provide a low loss microwave circuit 
below 20 GHz. They have, however, been used to make MIC DROs up to 
frequencies of 35 GHz (Dow, 1986) 
3.6 Literature Review of DROs 
Table A.l in Appendix A presents the results of a literature review of 
different types of DROs. 

































































































































































































































































































































































































































































































































































































































































































































































Five types are considered: 
(1) GaAs MIC DROs 
(2) A Ga.As DRO built by Lan et al. (Lan, 1986) using a temperature 
compensated two-stage FET amp, a temperature controlled invar cavity 
containing a DR and utilising miniature ceramic circuit (MCC) 
technology 
( 3 ) GUM diode DROs 
(4) IMPATT diode DROs 
(5) Bipolar device DROs 
3.6.1 Comparison of Results for Different 'l'ypes of DROs 
Table 3. 2 shows that GaA.s MFSFET MIC DROs have recorded the best DRO 
results for efficiency, power output, power temperature stability and 
external Q factor. 
The only criteria on which other DROs have recorded better results are 
frequency stability and pushing factor. Of these best noise performance, 
temperature stability and pushing factor were obtained with a FET DRO 
designed by Lan. This DRO features a separate temperature controlled 
invar cavity containing a DR and a temperature compensated two-stage FET 
amplifier. 
Tsironis (Tsironis, 1985) obtained a temperature stability of 0.12ppm/°C 
over a range of -50°C to +100°C without ovenising the MIC Ga.As DRO. It is, 
therefore, expected that putting this DRO in a controlled oven should 
produce temperature stability results corrparable with those of Lan• 
Varian's phase noise result of -117 dBc/Hz at 10 KHz off carrier (referred 
to 4 GHZ) is 13 dB higher than that obtained by Lan. However, this result 
is obtained without using a special invar cavity for the resonator and a 
two-stage amplifier. 
Lan's excellent pushing figure of 0.02 MHz/V is the result of u~ing a two-
stage amplifier and keeping the loaded Q of the DR ai::>ove 8000 with the -













As pointed out in Section 3.5.1.3, the biggest problem concerning the 
application of GaAs MIC DROs is found in their long-term frequency 
stability. Most authors choose to ignore this specification. Work by 
Varian indicates that careful screening of FET devices can be used to 
improve the long-term stability of Ga.As MIC DROs. The best long-cerm ORO 
stability to date, however, would appear to be Sppm/year for a bipolar 
ORO. 
3.7 Chapter Summary 
An ideal narrowband frequency source should be highly frequency stable, 
reliable, compact, low cost, efficient and have good output 
characteristics. 
The discussion in this chapter has shown that DROs make excellent· 
frequency sources. They outperform other narrowband solid-state sources 
on all criteria with the exception of the high stability characteristics 
of quartz crystal phase locked microwave sources. 
GaAs MESFET MIC DROs consist of a Ga.As MESFET transistor errbedded in a 
microwave integrated circuit with a dielectric resonator as a resonant 
element. Each of the corrponents has ideal characteristics for use in a 
narrowband source with the exception of the long-term characteristics of 
the FET. 
A literature review has shown that Ga.As MIC DROs have the best published 
results for efficiency, power output, power temperature stability and 
external Q factor. The best noise performance, temperatyre stability and 
pushing factor results for a ORO were those for a FET ORO featuring a DR 
in a separate temperature stabilisied invar cavity and a two-stage FET 
amplifier. The best long-term frequency stability characteristics have 












BASIC MICROWAVE OSCILLATOR THEORY 
4.1 Introduction 
This chapter discusses basic oscillator theory. Oscillator theory 
developed by Kurokawa. can be applied to both negative resistance 
oscillators and feedback oscillators and is first used to derive the 
oscillation conditions for a microwave oscillator. Impedance locus, 
device-line and operating point are introduced and series and parallel 
resonance discussed. These concepts are then used to explain how 
frequency and power hysteresis occur in microwave oscillators. 
The co~onents of a GaAs MESFET MIC DRO are best described in terms of 
their s-parameters. To this end N-port microwav  oscillator analysis is 
discussed using scattering matrices. The analysis is shown to be 
consistent in the case of a two-po.rt active device with Kurokawa's 
results. 
4.2 Analysis of Microwave Oscillators by Kurokawa's Method 
4.2.1 Modelling of Microwave Oscillators for Analysis by Kurokawa's Method 
From a practical perspective it is convenient to split microwave solid 
state oscillators into two categories - negative resistance oscillators 
and feedback oscillators. These are illustrated in Figure 4.1 (Hamilton, 
1978: 63). 
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. In 1969 Kurokawa (Kurokawa, 1969) published a general analysis of negative 
resistance oscillators. His ideas have formed the basis for most 
subsequent microwave oscillator work. 
Kurokawa proposed that a free running negative resistance microwave 
oscillator could be modelled as shown in Figure 4.2. 
Z(iRf'w) Z(w) 
Fig 4.2 Equivalent circuit of a free-running 
microwave oscillator 
Z(w) is the circuit impedance seen from the device and Z( iRF' w) is the 
device irrpedance. The important point to note is that the circuit 
impedance is amplitude independent whilst the device impedance is a 
function of the RF signal amplitude iRF. 
For a negative resistance oscillator the reference plane is chosen at the 
device terminals since this allows the active and passive parts of the 
circuit to be nicely separated. 
Khana (Kajfez, 1986: 484) points out that this analysis can be applied to 
any microwave oscillator. This is because any oscillator can be 
represented in an arbitrary plane on the output line by a nonlinear 
-impedance z, having a negative real part, in series with a load impedance 
z. 
4.2.2 Oscillation Conditions (Kajfez, 1986: 484) 
If we assume that a current iRF(t) = I cosw t exists in the circuit and 
0 0 
that the circuit has a high enough Q factor to suppress any harmonies 










Let Z + Z = (R + R) + j(X + X) = 
Since I 0 is not = O, [z + Z] = 0 ie Z = - Z 
Thus and 
RT(I 0 ,w0 ) = o 
XT (I 0, wo) = 0 
-








and thus Re (Z)< 0 ie for oscillation the device must present a negative 
resistance. 
The frequency of oscillation is determined by the requirement that the 
load reactance be equal and opposite to the device reactance i.e. equation 
(4.2b). This is known as the frequency resonance condition (Vendelin, 
1982: 135) since it determines the frequency of oscillation. Equations 
(4.2a) and (4.2b) together irrply what is known as the oscillator resonance 
condition i.e. both the circuit imaginary term and the circuit real term 
are zero for oscillation. 
At microwave frequencies it is often more convenient to express 
oscillation conditions (4.2a) and (4.2b) in terms of the corresponding 
reflection coefficients r and r. The oscillation condition becomes: 
r r = 1 ( 4. 3a) where r = reflection coefficient looking into device 
T = reflection coefficient looking into load 
which is really two separate conditions 
I rl ·I rl = 1 . ( 4. 3b) 
and L.J:. + L.I..·· = 
,--











These conditions correspond to the well known Barkhausen criteria for 
oscillation, namely: 
(1) loop gain equal to unity 
(2) net zero phase shift around the loop 
The Barkhausen criteria are particularly useful for visualising the 
conditions for oscillation in a parallel feedback oscillation. 
The equivalence of (4.3a} to (4.2a} and (4.2b} is derived in Appendix B. 
4.2.3 Impedance Locus, Device Line and Operating Point (Kurokawa, 1973: 
1387) 
To appreciate the meaning of (4.la} the locus of the circuit inpedance and 
that of the device impedance are drawn on the complex plane by 




.__ __ ....__ __ -4Re(Z) 
Fig 4.3 Impedance locus . device-line 
and operating point 
The irrpedance line is defined as the locus of Z(w} whilst the device line 
-is defined as the locus of z (~, w}. The arrowheads attached to the 
impedance line and device line indicate direction of increasing 
w and ~ respectively. 
For steady state oscillation at . frequency Z(w
0





}. This corFesponds to the intersection of the two loci and is 











4.2.4 Series and Parallel Resonance (Vendelin, 1982: 137) 
When designing oscillators it is often useful to use a compressed Smith 
Chart whch allows reflection coefficients greater than one to be plotted. 
Since r < 1, f > 1 for the oscillation condition (4.3a) to be satisfied. 
Figure 4.4 shows vctlues of f > 1 plotted on a compressed Smith Chart • 
. 5 
T=-3.16 
- Fig 4.4 Reflection coefficients > 1 plotted on 
a compressed Smith Chart 
As indicated a frequency resonance condition requires that the circuit 
imaginary term be zero. If the impedance resonance is on the left-hand 
real axis, this is a series resonance, i.e. at frequencies above resonance 
the impedance is inductive and below resonance the impedance is 
capacitive. If the impedance is on the right hand real axis the resonance 
is a parallel resonance. Oscillators can be divided into two types, 











(a) Series-resonant (b) parallel-resonant 
jX 
lr R G fJ G 
l' r 
Fig 4.5 Series and parallel oscillator equivalent circuits 
The equivalent circuit of the active device is chosen from the frequency 
response of the output port. Devices which are stable when terminated in 
an open circuit should be modelled as series circuits: those which are 
stable with a short circuit termination should be modelled as ·a shunt 
circuit (Hamilton, 1978: 65). 
For the series-resonant condition the negative resistance of the active 
device should exceed the load resistance at the start up.of oscillation by 
about 20 percent (Vendelin, 1982: 138). As the oscillation builds up the 
magnitude of the negative resistance of the active device drops due to 
large signal limiting effects until the steady state oscillation 
condition is reached. 
A clear picture of how the operating point. establishes itself can be seen 
. -* 
in Figure 4.6 where the locus of -z (iRF) is shown together with the locus 
* of Z (w). These two quantities must be equal to each other for oscillation 
to occur and iRFadjusts itself until this condition is met. This sets 
both the amplitude and frequency.of oscillation. The conjugates of 
-Z(j.RF)and Z(w) have been used for convenience in plotting so that the two 





















Fig 4.6 Series negative resistance circuit 
4.·2.5 Frequency and Power Hysteresis (Hamilton, 1978: 65) (Kurokawa, 1973: 
1389) 
To avoid hysteresis effects during tuning it is important that the active 
device be modelled correctly and then resonated with the appropriate type 
of resonant circuit. 
series resonator. 
A series resonant device should be resonated by a 
Figure 4.7 shows a normally series connected device being resonated by a 
parallel resonant circuit. L C represents a series reso'nant circuit due 
l l 
to packag~ parasitics whilst L 2C2 is the incorrectly added parallel 
circuit. 
jX c, L, 
[ 
o-1 
R c2 L2 G2 
0 
Fig 4.7 Series resonant circuit tuned 
bJ'. i;iara!lel circuit 
















and the positive slope of the reactance of the series network is: 
= (4.4b) 
w=wo 
Three different situations now arise depending on the relative values of 
the slopes as shown in Figure 4.8. 
(1) For 0
1 
> 0 2 , i.e. the pcsitive series slope daninates, the circuit is 
undercoupled (Figure 4.8a). In this case there is a. single well-
determined operating point and no circuit tuning problems are 
encountered. 
( 2) For 0 1 = Q 2 , i.e. the two slopes are 
locus as shown in Figure 4.8b. Near 
equal, there.is a cusp in the 
the cusp the operating point 
becomes quite indeterminate and very noisy operation results. 
(3) For 01 < 0 2 , the negative slope of the parallel circuit dominates, 
resulting in a loop locus. A loop in the impedance locus produces 
the ~onditions required for frequency and power hysteresis. This 











(a) 0 1 > 02 
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Fig 4.8 The impedance loci presented for 
different 0-values 
Consider the case where the location of impedance locus with a loop is 
moved downwards by tuning the oscillator as shown in Figure 4.9. 
Fig 4.9 Variation of the operating point as the 
impedance locus changes it's position 
. The operating point P1 moves first to the right as indicated by P2 but as 
' soon as the upper . edge of the loop separates from the device line, the 











Figure 4.io shows the situation near the upper edge of the loop. 
Power freq 
Fig 4.10 Typical frequency and power hysteresis as a 
result of a jump in the operating point 
29 
As the operating point Pa approaches the upper edge of the loop, the 
intersecting angle becomes small and oscillation becomes noisy. As the 
impedance locus moves d~wards to the dotted position, the loop no longer 
intersects the device. line - no steady state oscillation is therefore 
possible near the top of the loop. Consequently the operating point jumps 
to the point Pb. If the maximum power is located at a position indicated 
by x, the power initially increases as the locus rroves d~wards, since 
the operating point approaches the maximum power point. When the 
operating point jumps to Pb the power suddenly decreases and the frequency 
increases as indicated in Figure 4.10. If the adjustment is reversed, the 
locus moves upwards, the operating point moves to the right, and the 
frequency, as well as the power, follows a different path: and when the 
lower edge of the loop separates from the device line, the frequency and 
power suddenly jump again. 
power decrease. 
\ 











4.3 N-port Microwave Oscillator Analysis Using Scattering Matrices 
(Kajfez, 1986: 485) 
For the analysis of . GaAs MIC OROS the best way to characterise the 
different corrponents is in terms of their S-pararneters as these are either 
supplied or easily measurable. 
An oscillator can be considered as a corrbination of an active multiport 
and a passive multiport as shown below in Figure 4.11. 
a, a'. 
~ _J-:. 
Active ~ "--'b-' Embedding 1 
1 
Device Network 
[s] . [sj ·a a 
~ ~ 
~ n "--'b-' n 
Fig 4.11 Oscillator as a combination of an active 
multiport and a Rassive multiport 
For the active device we have b > = §. I a > 
and for the errbedding circuit I b ' > = §.' I a ' > 
(4.Sa) 
(4.Sb) 
When the active device and errbedding network are connected together we 
have, for the oscillation conditions: 
b'> = a > (4.6a) 
and a'> = b > (4.6b) 
Thus I a'> = b > = §. I a > = §. I b' > = ,§2' I a' > 
or (SS' - .!) I a > = I 0 > 
where 1 is the identity matrix. 
M =s S - 1 is a singular matrix. 
.(4.7) 











i.e. det I:! = 0 (4.8a) 
This equation represents the generalised large signal oscillation 
condition for an n-port oscillator. 
Equation (4.8a) can be split into two oscillation conditions namely: 
jdet(SS' - l) I = 0 (4.8b) 
and Arg det(~' - l) = 0 ( 4. 8c) . 
4.3.1 Verification for a Two-port Loaded by Two Impedances (Kajfez, 1980: 
487) 
Figure 4.12 shows a two-port device loaded by two impedances. 
a~ a, 
[s] 02 a~ f-- --'-' f-- --=--? 







Fig 4.12 Two-1:2ort FET oscillator Qi.rcuit 
For the active device = · (4.9a) 











From (4.8a) oscillation condition is det M = 0 
= 0 
giving (511r1 - 1) (522r2 - 1) - 512521r1r2 = 0 (4.lOa) 
This equation gives the well-known results first obtained by Baswapatna 
(Basawapatna, 1979): 
512521r2 1 
511 + = (4.lOb) 
1 "."" 522r2 ri 
512521r1 1 
.522 + = (4.lOc) 
1 - 511r1 r2 
These results can be written as 511'.r1 = 1 ,(4.lla) 
and 522' · r2 = 1 (4.llb) 
I 
where s11 is the modified reflection coefficient at p-0rt 1 with port 2 
loaded by an impedance corresponding to a reflection coefficient f 2 as 
shown in ~igure 4.13 below. 
T, s;, 
Fig 4.L3 Modified reflection coefficient for a 
2-port connected to a load 











BASIC SYNTHESIS OF TRANSISTOR DROs 
5.1 Introduction 
A dielectric resonator can be used in two different ways to produce a 
stable MIC transistor oscillator: (Kajfez, 1986: 490) 
(1) as a passive stabilisation element used to stabilise a free-running 
transistor oscillator. Such an oscillator has been termed a 
"dielectrically stabilised oscillator" 
(2) as an integral circuit element in the oscillator circuit where it is 
employed to determine the oscillator frequency. Such an oscillator 
has been termed a "stable transistor dielectric oscillator (STDRO)" 
Synthesis involves constructing an oscillator using basic components whose 
characteristics need to be known accurately. At microwave frequencies s-
parameter measurements are usually the most accurate way to characterise 
components since a good open or short circuit is difficult to obtain. The 
first section of this chapter, therefore, :analyses dielectric resonators 









basic synthesis of 













5.2 S-parameter Characterisation of Oscillator Components 
A DR can be coupled to a single microstripline to produce a bandstop 
filter or to two lines simultaneously to give a bandpass filter~ 
5. 2.1 S-parameter Characterisation of a Dielectric Reson.ator Coupled to a 
Microstripline as a Bandstop Filter 
5.2.1.1 S-pararneter Matdx of a DR Bandstop Filter 
The most corranonly used configuration for coupling a dielectric resonator 








Fig 5.1 DR in a t,XPical MIC con figuration 
34 
The TE 01 mode of the res6nator is magnetically coupled to the TEM m:>de of 
the microstripline. The shielding ·conditions provided by the metallic 
shielding box and the turning screw affect the frequency and Q factor of 
the resonator as described later in Chapter 7. 
Guillen et al. (Guillan, 1981) were among the first to realise that a 
dielectric resonator coupled to a microstripline can be modelled as a 











' x e-;r p' z. 
Fig 5.2 DP coupled to a microstripline and it's equivalent circuit 
The coupling coefficient between the resonator and the line is defined as: 
R R 
K' = = = = = (5.1) 
2Zo 
where S. . and S 210 are the real quantities reE>resenting th~ reflection 
110 
and transmission coefficients respectively in the symmetry plane PP"'. 
The normalised induce§i input impedance Zin is given by: 
21<' 
= + 1 (5.2) 
1 + j2QuS 
35 
where s = 
f - £ 0 
f o 
(5.3) 
This result is derived in Appendix C. · 
s11 can now be derived using the formula 
K' 
giving s11 = 
K' + 1 + j2QuS 
Zin - 1 
Zin + 1 












S2 1 is found using the ·relationship S21 = l-S11 which holds since 
811 = 822· 
1 + j2Qu6 
_(5.6) This gives 
K + 1 + j2Qu6 
The complete S-parameter matrix of the DR coupled to a microstripline line 
in the resonator plane is thus given by: 
K' 1 + j2Q0 s 
K' + 1 + j2Q0 s K' + 1 + j2Q0s 
SR = (5.7) 
1 + j2Qu6 K' 
K' + 1 + j2Q0s K' + 1 + j2Qus· 
This reduces at resonance ( O=o) to 
K' 1 
K' + 1 K' + 1 
SRO = (5.8) 
1 K' 
K' + 1 K' + 1 
The effect of the transmission line length (in the input and output 
planes) on the S-parameters can be included by simply adding a phase 
adjustment term giving finally: 
_(5.9) 
The coupling. factor K is a function of the distance between the 
dielectr.ic resonator and the microstripline under fixed shielding 











= = (5.10) 
where Qu, QL and Qex represent the unloaded, loaded and external quality 
factor respectively. 
5.2.1.2 Deterrnining QIJ! QL and Kappa From Scalar Measurement of the 
Network Analyser Display of S 11 or S 22 for a DR Bandstop Filter 
In a paper in 1983 (Khanna, 1983) Khanna and Garault described a method of 
determining the quality factors as well as the coupling coefficient Kappa 
from the network analyser display of S l: i or S 2 2• 
K is determined directly from equation (5.1) whilst using the equations 
derived in Appendix D it becomes possible to determine the quality x 
needed for the measurement of Q
0
and QL from the transmission coefficient 













(a) S21 measurement (b) Sl 1 measurement 
0 
., 






l :::::; ....... c 
CJl QL 
f o 0 fa -2 
Fr-equency Frequency 
Fig 5.3 Determination of Ou and QI for a BRF from 
scalar measurement of S21 and Sl'I 
-O.lL210 
x(dB) = h = rn = 3 - lOlog1o(l + 10 ) 














Similar calculations apply to . the reflection coefficient rragnitude plane 
producing quantities n and - p required for the measurement of QL and 
°u respectively as shown in Figure 5.3(b). 
n = a constant 3 dB· .(5.13) 
p = 
O.lL110 0.05L110 
1010910(10 - 2.10 + 2) _(5.14) 
Thus Khanna and Garault's method allows simple rragnitude measurements of 
either the reflection coefficient or transmission coefficient displays to 
determine the coupling coefficient K, QU and QL •. These empirical values 
can then be substituted in the s~parameter matrix to fully characterise 
the dielectric resonator coupled to.a microstripline under given shielding 
conditions. 
5.2.1.3 Determination of R, L and c from Kappa and QU 
For CAD design the bandstop filter is best modelled using the equivalent 
circuit shown in Figure 5.2. 
Fron:i (5.~) R = 2Zo K' (5.15) 
R 
circuit Ou = = woRC 
(5.16) 
For a parallel LRC 
woL 
R 
Thus L = (5.17) 
.woOu 
Ou (5.18) c = 
woR 
5.2.2 s-parameter Characterisation of a Dielectric Resonator Sim-
ultaneouslx CouEled to Two Microstriplines to Form a Bandpass Filter 
5.2.2.1 s-parameter Matrix of a DR Bandpass Filter 
A model for a dielectric resonator coupled between tYJO microstriplines as 
a bandpass filter was presented by .Galwas in 1983 (Galwas, 1983). The 
arrangement to be modelled is shown in Figure 5.4 and the equivalent 


















e = e, = Pl/2 
Fig 5.4 DR coupled simultaneously 
to two microstriplines 
Zowk, kS Li ~ z, 
,__ _ __.__--J 
1:(\ 
Fig 5.5 Eguivalent circuit of a DR 
coupled to two microstriplines 
· This model is limited to the case where e = e, = · 'rf/2 at the resonant 
frequency. This results in an effective short circuit at the plane 





The s-parameter matrix of this configuration at the resonant plane can be 
presented by: 
SR = 
K'1 - ~2 -·1 - j20uS 
1 + r 1 + 1<' 2 + j2QuS 
.2v(K'1K'2) 
1 + ~1 + ~2 + j20u 
1 + ~1 + ~2 + j2QuS 
~2 - K'1 - 1 - j2QuS 
1 + ~1 + ~2 + j20uS 
(5.19) 
where K1 and K are the coupling coefficients of the DR with the input 
2 
and output microstriplines defined as: 
R 













Appendix E sets out the derivation of the S-parameters from the equivalent 
model. 
Podcameni and Conrado in a paper in 1985 (Podcameni, 1985) took this work 
further to analyse the configurations of Figure 5.6(a) and Figure 5.6(b) 
where 8 was allowed to vary. 









'<Ref. planes ) 





------ _l Ref. plane 
Fig 5.6 Two configurations possible for a transmission 
mode DR coupled between two microstriplines 





(a) model for non-inverting 
arrangement 
(b) model for inverting 
arrangement 
Fi9 5. 7 Eguivalent circuits usin9 open circuit stubs 
models differ fundamentally in that there exists 
as far as transmission is concerned. In addition, 
a phase 
whilst the 
frequency of the circuit in Figure 5.6 (a) is that of the DR, 
this is not true for the circuit of Figure 5.6(b) ~ In this case the 











Furthermore, the frequency of this circuit depends on 9, i.e. the position 
of the DR relative to the ends of the microstriplines. 
The important point concerning 6 is that it can be used to alter the 
magnitude response of the bandpass filter without affecting its phase 
provided the resonant frequency is kept constant' (constant retuning 
required for the circuit in Figure 5.6(b)). The amplitude response as a 












U) 0 90 180 270 
Electrical degrees 
Fig 5.8 Transmission coefficient magnitude 
as a function of the DR position 
The maximum transmission value, obtained at e = '11'/2, depends on the 
coupling factors K 1 and K 2 • 
For the symmetrical case K~ = K2 = K the S-parameter matrices obtained 
can be written as: (Podcameni, 1985: 1330) 
( 1 ) For the circuit in Figure 5. 7 (a) 
2K'Sin2e -2K'Sin2e 
1 -

















(2) For the circuit in Figure 5.7(b) 
2K'Sin2e 2K'Sin2 e 
1 -
-j201 D2 D2 
SR(2) ::· e 2K'Sin2e 2K'Sin2e 
( 5. 23) 
1 -
D2 D2 
where D2 = 2K'Sin2e + 1 + j(2Q0 s + 2K'Cot0Sin2e) 
For the case &1 = &2 = Tf 12 these matrices reduce to 
-1 - j2Q0 s 2 K' 
1 + 21<' + j2Qu6 1 + 2K' + j2Q0 s 
SR(l) = (5.24) 
21<' -1 - j20us 
1 + 2 K' + j2Qus 1 + 21<' + j2Q0 s 
and 
2 K' -21<' 
-1 + 
1 + 21<' + j2Q0 s 1 + 21<' + j2Q0 o 
SR(2) = (5.25) 
-21<' 2 K' 
-1 + 
1 + 21(" + j2Quo 1 + 2K + j2Qu6 
Comparing (5.4) with (5.19) we see that the models of Galwas and Podcameni 











5. 2. 2. 2 Determining 9rp Qr, and Kaff>a from Scalar Measurement of the 
Network Analyser Disolay of S11 or S21 for a DR Bandpass .Filter 
with F.qual Coupling 
The results required to determine Kappa, QU and QL from scalar 
measurements in the reflection and transmittance ~lanes are presented 
here. As far as the author knows they have not been reported elsewhere in 
the literature, althougn they follow on directly from the work of Guillen 
et al. on bandstop filters. The results are derived in ~endix F. 
Transmittance measurements. · 














(a) S21 measurement (b) S11 measurement 
0 
L 21a d --·rr·· m J, v c 
L 11a 
b <lJ L __________ l ~ T :::J ~ c c '1t 
QL C)l 
fa 
0 fa E 
Frequency Frequency 
Fig 5. 9 Determination of Ou and QI for a SPF from 
scalar measurement of S21 and S11 
L210 is measured .on the display and used to calculate ~ 10 , Kappa, a and 
















2(1 - S210) 
-20Log10 





2S210 + 2) 
_(5.28) 
(5.29) 
Figure 5.9(b) shows the measurement points for a reflection magnitude 
display. 
L110 is measured on the display and used to calculate 81101 Kappa, c and 





K' .,.;, (5.31) 
c = d = [ 
v(S1102 + 1) J 
20log10 












I I I 
5.2.2.3 Determination of R , L and C from Ka~pa and QU 
For the case of equal coupling the circuit of Figure 5.5 can be simplified 
















For equal coupling K' = K'1 = K'2 = - = 
n2zo Zo 
giving R' = K'Zo 
R 
R n2 R' 
Ou = = = 





L' = = 
woOu woOu. 
also Ou = woRC = w0 ( R/n2..) ( n2c) = woR'C' 
Ou Ou 

















5.2.3 3-Port S-Parameter Characterisation of Transistors (Kaifez, 1986: 
481) 
Althougth a transistor is a three part device it is .invariably 
characterised by its two port s-parameters with one of its parts grounded. 
The three different configurations possible are shown below in Figure 
5.11. 
s d 
f I f 
(a) common (b) common (c) common 
source gate drain 
Fig 5.11 Three configuratiQns of the transistor 
Most manufacturers provide the ccmmon source s-parameters when specifying 
GaAs FET. 
For the design wor~ on oscillators to follow it is useful to be able to 
convert the 2-port common source s-parameters to 3-port parameters which 
can then be used to provide common gate and common drain S-parameters. 
The transistor as a 3-port device is shown in Figure 5.12. 











The S-parameter matrix for such a characterisation is given by: 
b1 511 512 513 al 
b2 = 521 522 523 a2 (5.42) 
b3 531 532 5 33 a3 
Appendix G derives the relations necessary to obtain analytically the 3-
port S-parameters from the 2-port canmon sou~ce s-parameters. 
5.3 Dielectrically Stabilised Oscillators (Kaifez, 1986: 491-493) 
The use of a DR as a passive stabilisation element to stabilise a FET 
oscillator was the first method used to produce highly stable DROs (Abe, 
1977). P~ssive stabilisation is only possible for free-running 
oscillators with a poor pulling figure, i.e. their frequency is sensitive 
to the variation in load impedance. The oielectic resonator is positioned 
with respect to the oscillator plane in such a way that the effective Q of 
the oscillator is increased. This results in better frequency stability 
at the expense of output power. For best frequency stability the loaded 
Q, QL' of the resonator should be as high as possible. QL is related to 
the unloaded Q, Qu' by QL = OJCl +K ) (5.43), i.e. for best stability the 
DR should be lightly coupled. 
Any of the classical cavity stabilisation modes can be used (i.e. 
reaction, reflection or transmission) but the reaction mode is the one 











Fig5. ·13 Reactive mode DR stabilisation of 











For the reactive mode . stabilisation the DR is placed either a quarter 
(Makino, 1979: 634) or a half wavelength (~be, 1978: 159) from the 
oscillator plane depending on whether the output requirements of the 
device require dX/dw positive or dB/dW positive respectively. · 
5.3.l Stabilisation R~nge 
In this section the stabilisation range is considered to be solely 
determined by the reaction mode DR filter - an approximation ~ich gives 
useful information about the effects of factors such as the coupling 
coefficient on the stabilisation range. In point of fact the stabilisation 
range is determined by both the unstabilised oscillator resonant circuit 
and the reaction mode DR filter. Since two resonant circuits are 
involved, there is the . p9ssibility of hysteresis and two stabilisation 
ranges can be identified - one in .which the stabilisation is free from 
hysteresis and one in which hysteresis occurs. The two stabilisation 
ranges are considered in more detail in Chapter 9. 
5.3.1.l Stabilisation Range of a Reaction Mode IR Circuit 
The half wavelength case g1v1ng positive dB/dw is considered here. The 
quarter wavelength case (dX/dw positive) can be derived in a similar 
manner. 






(1 + jl!.) 
This has real and imaginary parts 
= 
1 + 2K' + 6 2 
(1 + 21<')2 + l!.2 
2K'a 















rm(yin) is shown plotted in Figure 5.13 as a function of frequency. 
The stabilised frequency range (~f) over which dB/df is positive is . s 
calculated by differentiating (5.46) and equating to zero. i.e •. 
dB 40uK'[(l + 2~)2 - 42] 
= 0 = (5.47) 
df t 0 [<1 + 2K') 2 + 4 2] 2 
f - to (d f) s 
This gives I 41 = 20u = Ou = (1 + 2K') . (5.48) 
to to 
i.e .. (4f) 8 
to 
= -( 1 + 21<') 
Ou 
(5.49) 
From the equation above (5.49) it is seen that the stabilisation range is 
a function of the coupling coefficient. Increasing the coupling of the DR 
to the line increases the stabilisation range. 
5.3.2 Output Power Reduction 
This stabilisation method reduces the useful RF output power in two ways. 
The first results from the fact that the unstabilised oscillator no longer 
sees a load impedance of son and the second is due to the insertion loss 
of the resonator. 
From (S.45) the load admittance presented by the stabilisation circuit at 
resonance is given by: 
= (5.50) 
( 1 + 2 K') 
This·results in a.reduction in output power L1 given by: 
L1 = power output of oscillator with load impedance presented by DR 











Po [ ( 1 :0 2K') J 
(5.51) = 
Po(Yo) 
The power loss due to the insertion loss of the resonator is given by: 
1 
= : (5.52) 
The total insertion loss of the stabilisation system is given by the sum 
of L and L • 
l 2 
Equations (5.51) and (5.52) show that increasing the coupling results in a 
larger insertion loss. 
5.3.3 Trade-offs Involving the Coupling Coefficient 
The frequency stability, stabilisation range and output power have all 
been shown to be functions of the coupling coefficient. 
In practice the stability range is usually the parameter which determines 
the coupling· coefficient. The unstabilised oscillator usually .·has a 
fairly large temperature coefficient requiring a large stabilisation range 
to ensure stabilisation of the oscillator over the designed temperature 
range. Increasing the coupling coefficient to achieve adequate stability 
range results in decreased frequency stability and may result in an 
excessive insertion loss. 
5.3.4 Mode Hopping and Hysteresis 
Besides the disadvantage of inherent power loss, stabilised DROs also 
suffer from mode-hopping and hysteresis. As described in Chapter 4, these 
effects are the result of having two resonant circuits prese~t - the free 
running oscillator tuned circuit and the DR stabilisation circuit. 













5.4 ·Stable Transistor DRO (STDRO) Design (Kaifez, 1986: 494) 
A stable transistor ORO uses the dielectric resonator as a circuit element 
directly responsible for producing the conditions required for oscillation 
at a particular frequency. It is used as the matching element in a 
negative resistance oscillator and the feedback element in a feedback 
oscillator. 
STDROs have the following advantages over stabilised DROs: 
(1) no mode hopping or hysteresis 
(2) reduced size and cost 
(3) higher efficiency and therefore higher output with the same 
transistor 
(4) · simpler construction 
They have, therefore, largely replaced stabilised TDROs. 
5.4.1 STDRO Topology 
As oscillator' circuit can be represented .as either.a series or parallel 
feedback circuit as shown in Figure 5.14. 
provide one or more of the irrmittances shown. 
In STDROs the DR is used to 
d 
s 
(a) Series (b) Parallel 











Depending on whether the DR is used as a series or parallel feedback 
element, STDROs can be divided into series feedback STDROs and parallel 
feedback STDROs respectively. 
5.4.2 Series Feedback STDROs 
Figure 5.15 shows the basic configurations which have been used to produce 
series feedback STDROs. 
O/P match 
(a) (b) 
O/P match O/P match 
(c) (d) 
Fig· 5.15 Different configurations for series 
feedback STDROs 
Traditionally the series feedback STDRO.with the form shown in Figure 5.16 
has been termed a reflection ORO (Khanna, 1981.). In this circuit the DR 
can be regarded as the matching element of a negative resistance 
oscillator. 












5.4.2.1 Basic Design of a Series Feedback STDRO (Kajfez, 1986: 495-500) 
This section outlines the concepts involved in designing a series feedback 
oscillator with the configuration of Figure 5.lS(a). Chapter 10 on series 
feedback STDROs contains a detailed step-by-step design example of such an 
oscillator with the relevant theory. 
The conceptual design steps involved in the design of a common source 
series feedback oscillator are outlined in Figure 5~17. The transistor is 
characterised by its 3-port S-parameters for such a design. 




O/P match for m.ax O/P 
power 
Fig 5.17 Conceptual steps in designing a common 
source series feedback STDRO 
STEP 1: Determining a value of Zs which gives r9 > 1 and rd> 1 
The first step in the design (Fjgure 5.17(a)) is to find a value of 
Zs which results in values of both rg and rd greater than one for a 
son measuring system. This provides the negative resistance conditions 
looking into the input and output ports required for oscillation. 
STEP.2: Determining the optimal resonator position for maximum drain 
reflection coefficient. 
The second step in the design ,_(Figure 5. l 7(b)) is to determine the value 
of gate load reflection coefficient rgl which maximises the magnitude of 










load reflection coefficient determines the coupling of the. DR to the 
microstripline whilst the phase angle determines the distance of the DR 
from the gate of the FET. 
STEP 3: Determining the drain output match required for rreximum oscillator 
output power. 
The final step in the design of a corrunon source feedback oscillator 
(Figure 5.17(c)) is to find the drain output match which results in 
maximum output power into 50 Ohms. 
5.5 Parallel Feedback STDROs (Kajfez, 1986: 502) 
The most commonly used configuration for a parallel feedback STDRO is 
shown in Figure 5.18. 
z. 
Fig 5.18 Parallel feedback STDRO using 
transistor as a ?-port device 
• 
54 
This configuration basically consists of the transistor used as an 
I 
amplifier with some of the output power being coupled back through a DR 
bandpass filter to sustain oscillations. 
Thus, for instance, the transistor can be matched for best noise 
performance or for maximum transducer gain to achieve good frequency 
stability. 
For oscillation to occur two criteria need to be satisfied: 
(1) the total phase shift round the feedback loop must be a multiple of 











(2) the open loop small signal gain ITR.lst exceed unity at f 
0 
The first condition can be written as: 
¢A+ ¢R + ¢c = 2'11n n = 0,1,2 '"' 
55 
,(5.53) 
where ¢A,¢R and ¢c are the respective insertion phases of the amplifier, 
the DR bandpass filter and the remaining feedback circuitry at f 0. 
The second condition can be written as: 
G - L_ - t. >- OdB 
A ~ C 
(5.54) 
where GA' LR and LC are the amplifier gain, the DR bandpass filter 
insertion loss and the loss in the __ other feedback components in dB. 
respectively. 
Under steady-state oscillation conditions the total gain around the 
feedback loop is equal to unity. Since the open loop gain is designed for 
a value larger than unity to ensure reliable startup - amplifier gain 
compression occurs under steady state conditions. 
For maximum oscillation output power the device is operating under large 
signal conditions' and hence is already into gain compression. 
Excessive gain compression can adversely affect the oscillator noise 
performance due to increased amplified noise figure and AM to FM 
conversion. 
Thus adlievement of high oscillation output power levels in parallel 
feedback oscillators has to be traded off against good noise performance 













OPTIMAL DFSIGN OF MICROWAVE OSCILLATORS AND DROs 
6.1 Introduction 
Chapter 3 has shown that GaAs MCI DROs inherently have the potential to 
make ideal narrowband sources provided long-term stability is not a 
stringent requirement. 
It is obvious that a MIC DRO cannot be built which optimises all the 
factors required of a narrowband source simultaneously. Most of the 
factors can only be optimised at the expense of one or more of the others. 
For example, designing for best noise performance requires large amounts · 
of feedback power. This is at cross purposes with extracting the maximum· 
possible output power· from the oscillator. 
This chapter begins by considering the oscillator design criteria required 
to achieve: 
(1) best noise performance 
( 2) best frequency temperature stability 
(3) best long-term stability 
( 4) maximum output power 
(5) maximum efficiency 
In the case of a GaAs MIC DRO, once a particular topology has been decided 
upon, there are three basic parameters which can be used to optimise 
performance: 
(1) the specficiation of an active device 
(2) the matching of the active device to the circuit 
(3) ·the coupling of the dielectric resonator into the circuit 
Using these parameters it is demonstrated that it is not possible to 
optimise all five performance criteria simultaneously. Oscillator design 











6.2 Oscillator Design for Different Performance Criteria 
6.2.l Designing for Optimum Low Noise Performance (Scherer, 1979) (Muat, 
1984) 
This section investigates the factors influencing the noise performance of 
an oscillator as described by Leeson's equation. F, fc' Pavail and Or, are 
isolated as parame~ers which can be optimised to give low noise 
performance. The optimisation of these parameters is discussed and used 
to produce a summary of important design criteria for low noise 
oscillators. 
6.2.1.1 Optimising the Factors Influencing the Low Noise Performance of an 
Oscillator as Described by Leeson's Equation 
A simple first order approximation describing the phase noise performance 
of an oscillator is given by Leeson's equation (Scherer, 1979: 120) 
57 
= _F_k_T_. [ l 
Pavail 
+ [1 fol 2 J . : 
fm. 2QL 2 
(6.1) 
where L(f ) = the ratio of the noise power due to phase modulation in a 1 , m 
Hz bandwidth (centred fm Hz off the carrier) to the total signal power. 
F = the noise factor of the active device 
k = Boltzman 's constant 
T = temperature in Kelvin 
P .
1 
= the power available from the source in Watts 
avai 
f = corn er frequency for flicker noise of the device 
c 
f 0 represents the half bandwidth of the resonator 
2QL 
For L(fm) within the half-bandwidth of the resonator, i.e. 
then <i ~ )2 > 1. 
m QL 
and Leeson's equation can be sinplified to 
FkT 
Pavail 












From this equation it follows that, for a particular oscillation frequency 
f
0
, spectral purity close to the carrier will depend on fc' F, Pavail and 
QL. For best noise performance fc and F should be minimised whilst 
Pavail and Qt should be maximised. 
(a) Minimising fc 
To minimise fc the active device should have low flicker noise. As 
already discussed, silicon bipolar transistors have better flick~r noise 
characteristics than GaAs FETs but .can only be used at low microwave 
frequencies. The effect of flicker noise should also be minimised by 
employing lCM frequency feedback and effective biasing of the active 
device. 
Camiade et al. (Camiade, 1983) have investigated the solid state 
mechanisms in a FET responsible for producing !CM freqliency flicker noise 
which becomes phase noise around the carrier under oscillation conditions. 
They have derived the following simplified equation for the !CM frequency 
noise in terms of physical FET parameters: 
= _4_v_P_2 Ix ( x - x) 2 • o<c] 
N0 ZaLL f 
( 6. 3) 
where s is the spectral density function of the low frequency noise 
en 
v P is the pinch off voltage 
N0 is the doping density 
z is the gate width -
L is the gate length 
a is the epi-layer thickness 
and 
x 1 _ ;vbi - Vgs = 
VP 
vbi is the built in voltage and 
v is the gate source voltage gs 












From this relationship it appears that an efficient way of ensuring 
minimum low frequency noise is to select devices with large gate widths 
and large gate lengths. There is a limitation to this choice since as z 
and L increase the negative resistance available from the device 
decreases. To compensate for this higher coupling between the DR and the 
microstrip circuit is necessary resulting in a lower QL. The relationship 
does show, however, that power devices which have large z should be 
considered for low noise design. 
(b) Minimising F 
To minimise F an active device should be chosen which has an intrinsically 
low noise figure. In addition the FET.must be matched to the circuit with 
input and output reflection coefficients corresponding to those required 
for minimum noise figure. For good noise performance P avail also needs 
to be maximised. Thus a compromise may result b tween matching for best 
noise figure and mat~hing to irrprove Pavail. 
(c) Maximising QL 
The loaded Q, Q rJ depends on the unloaded Q of the resonator, Q T1 and the 
coupling of the circuit to it. For maximum loaded Q the resonator should 
have as high an unloaded Q as possible and be lightly coupled to the rest 
of the circuit, i.e. also have a high external Q. This is surrmarised by 
the equation 
1 1 1 
.(6.4) = + -
Ou 
(6.5) o1 can also be expressed as = Total dissipated power 
where We is the reactive energy in the resonator at frequency . w0 
The resonator can be modelled as a parallel RLC circuit (see Chapters 7 
and 8) so that the reactive energy can be expressed as: 
1 
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Thus, for best QL the reactive energy should be maximised by means of a 
high r.f. voltage across the resonator. The maximum limit for this is set 
by the breakdown voltage of the active device. An active device with good 
voltage breakdown characteristics should thus be selected for low noise 
design (Scherer, 1979: 122). 
It should be noted that increasing QL by decreasing the qoupling in a 
feedback oscillator increases the resonator insertion loss thus reducing 
Pavan· There is therefore a compromise between maximising QL and 
Pavail for best noise performance. 
To maximise the loaded Q one also needs to understand how it is related to 
the loop gain phase slope ~ (ang(loop gain)) I 
df . f = f 
0 
fo ~(ang(loop gain)) 
The relation is QL = -. 
2 df f = fo· 
( 6 . 7 ) 
Thus for best phase noise perf ormarice oscillation should occur at the 
This can be achieved by maximum phase slope where o1 is a maximum. 
adjusting the coupling network. 
(d) Maximising the available power 
To maximise the available power the signal power taken out should be 
minimised without going below the limits set by additive noise. Thus most 
of the power is available to the feedback loop. 
Maximum P .1 is also achieved by selecting a high power FE!'. avai 
6.2.i.2 Summary of Design Criteria for a Low Noise oscillator 
From the foregoing_ discussion the following points can be made concerning 












(a) Active device characteristics 
For low noise performance a device should be selected which: 
(1) is a high power device 
(2) has good flicker noise characteristics 
(3) has a low noise figure 
(4) has large voltage breakdown characteristics 
The device should also be properly heatsunk 
(b) Matching of the active device 
The device should be matched for best noise figure. This may, hOW'ever, 
have to be compromised with pOW'er ·matching considerations which also 
affect the noise performance of the oscillator. 
(c) Quality factor of the resonator 
The unloaded Q of the resonator should be as high as possible to achieve a 
high value of Q1 • 
(d) Circuit considerations 
The following circuit considerations should be implemented in a low noise 
design: 
(1) low frequency feedback and effective biasing should be errployed to 
minimise flicker noise 
(2) coupling to the resonator should be light to achieve high Qex and 
hence a high QL. However this may have to be compromised with 
considerations of coupling back Pavail. 
6.2.2 Designing for Best Frequency Temperature Stability 
The design of a highly temperature stable ORO depends on whether the DR is 












element in a STDRO. In both cases it is found that the temperature 
performance can be optimised by adjusting the temperature coefficient of 
the DR system or the coupling of the DR to the micrcstrip circuit. 
6.2.2.l Designing a DR Stabilitied Osei llator for Best Frequency 
Temperature Performance 
The temperature behaviour of oscillators stabilised by a DR coupled to the 
output port as a bandreject filter was first analysed for a Gunn 
oscillator by Makino et al. (Makino, 1979) and for a FET oscillator by Abe 
et al. (Abe, 1978). 
The temperature coefficient of a stabilised FET DR oscillator (see Chapter 
9) is given by: 
p = 
1 t::.f r 1 1 ~f 0 
- . -- + -------------. - . --
( 6. 8) 
fr /::.T 2 K' Ou 
It is seen that the stabilised oscillator temperature coefficient (p) 
depends on the temperature coefficient of the unstabilised oscillator 
( 1 !::.fo) ro ?If , the external Q of the unstabilised oscillator the 
. 1 !::.fr -
temperature coefficient of the DR and shield (Ir 71f)' the unloaded Q of 
the DR (QU) and the coupling between the DR and the output line (K). 
Usually the properties of the unstabilised oscillator are fixed. This 
leaves the coupling coefficient and the temperature coefficient of the DR 
as parameters which can be used to provide temperature compensation. 
Usually the coupling coefficient is set and a DR-chosen with appropriate 
positive temperature coefficient to cancel the negative temperature 
coefficient according to equation (6.8). 
6.2.2.2 Designing a Series Feedback STDRO for Best Frequency Temperature 
Performance 
The best ORO temperature stability has been reported for a series feedback 
STQRO (Tsironis, 1982). Tsironis has derived the following simplified 













df 1 df r K' + 1 a0G 
:::: -.- + ( 6 . 9 ) 
fdT fr dT 2Qu dT 
It is seen that STDRO temperature coefficient (~!T) is dependent on the 
ff . . ( dfr ) . temperature coe icient of the DR frdT , the phase shift with temperature 
of the active device (a~ and the coupling coefficient (K). 
Tsironis found ¢G to vary linearly with temperature, i.e. ~~ = a constant 
= -2600ppm/K 0 for his device. For best temperature stability at a 
t . 1 f . 1 df o s . a<;Zlc; . . par icu ar requency we require I dT = • ince dT is constant it forms 
a proportionality factor between the DR temperature coefficient (~) and 
the stabilisation factor K + 1 
i.e. -.-- = 
2Qu 
.:... [d0G1 K' + 1 
, d TJ. 2Qu 
( 6. 10) 
a¢G . ar is set for a particular device and QU for a particular resonant system 
so, as for the DR stabilised oscillator, two parameters remain to adjust 
the temperature stability - the temperature coefficient of the DR and the 
coupling coefficient. 
A complete temperature compensation of the frequency drift of a GaAs FET 
oscillator is possible for a certain range of temperature coefficients of 
the dielectric material. Restrictions on the range are set mainly by the 
obtainable output power at different temperatures. This can be seen from 
Figure 6.1 (Tsironis, 1982: 186) where the resonator stability (~~T) 
needed for complete compensation of temperature drift (f~i = 0) is given, 
( K'+ 1) . together with the stabilisation factor 2Qu , on the left axis, as a 
function of the coupling between the resonator and the microstripline. 
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Fig 6.1 Coupling-stabilisation-power diagrom of GaAs FET STDRO 
Consider d 
df 
= Q.63mm (resonator just touching line). Here~= +6ppm/K, 
P(-15°) = 28mw; P(21°C) = 23mw, P(72°C) = 17mw i.e. an overall power 
variation from -15°C to +72°C of 2.2 dB results. 
Consider 
-l5°C and 
d = l.2mm 
72°C is 
df r 
then f rdT= 
4.5 dB with 
2.8ppm/K but the power variation between 
P(72°C) = 6mw. It is doubtful that the 
oscillator will start up reliably at higher temperatures. 
Thus, in general, decreasing the 
'b'l' · f · 1 dfr poss1 1 ity 0 using a ow rrcrr 
power drop at high temperatures. 
coupling (by increasing d) increases the 
material to compensate but increases the 
It is seen from equation (6.10) that the larger the unloaded Q value of 
11 · 1 b . . (dfr ) the DR the sma er w1l e the resonator temperature coeff1c1ent frdT 
required for stabilisation. Since it is easier to make DRs with small 
temperature coefficients the QU of the resonant system should be maximised 












6.2.3 Designing for Best Long-Term Frequency Stability 
As already discussed in Chapter 3, the inadequate long-term frequency 
stability of FET DROs is_ the major factor preventing them from replacing 
phase locked oscillators in many applications. 
Varian has isolated the integrity of the FET gate as being a significant 
factor in long-term drift (Varian, 1987). 
From his paper the following points can be made concerning the design of 
oscillators with long-term stability: 
(a) operating conditions of the FET 
(1) FETs should not be subjected to electrical stresses greater than 
50% of their rated maximum values. This may require a 
compromise with biasing conditions for optimal output power, 
noise figure etc 
(2) the channel temperature of the FET should be kept below 150°C. 
Thus good heatsinking is essential. Power devices are usually 
better designed with regard to good heatsinking 
(b) screening of the FET 
The FET should be screened to minimise the change of gate capacitance 
with time. This may involve designing with a FET which has shown 
consistently high gate integrity from one device to another 
6.2.4 Designing for Maximum Oscillator Power 
This section describes how maximum FET oscillator power and t~e conditions 
required to obtain it can be determined using an empirical relation 
involving only P t and the small signal gain G. The problems involved sa 
with large signal design are briefly discussed. Finally a summary of 













6. 2.4.1 Maximum FET Oscillator OUtput Power 
Various empirical relationships have been derived to describe the power 
gain characteristics of a FET power amplifier. 







( 6. 11) 
P sat is the saturated output power [ffu] 2 
G is the small signal gain which varies as G = 
where f is the oscillator frequency and 
fu .~~ the frequency at which the device gain becomes unity 
Johnson (Johnson, 1979: 222) provided a better approximation which has an 
exponential form: 
( 6. 12) 
This expression can be used to calculate the maximum oscillator output 
power. For oscillators the objective is to maximise (Pout - Pin) of the 
amplifier which is the useful power to the load. For maximum oscillator 
output power: 
~Pout 
= 1 (6.13) 
~Pin 
~Pout G.exp [- GP in] 1 = = 
~Pin Psat 
[GPil Pin lnG exp - = G or = 
Psat Psat G 











At the maximum value of Pout - p, m the arrplifier output is: 
Pout = Psat [ 1 [ GlnG] ] exp - G 
= Psat [i -exp [i:G] ] = Psat~ - ~] (6.15) 
Hence maximum oscillator output power is given by: 
= 
( 6. 16) 
p 
osc 











Fig 6.2 Maximum Oscillator Powr vs 
Small Signal Common Sourr:e Gain 
o'--~~~~~~~~~~·~~~~~~~ 
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Maximum efficient gain is defined by Kotzebue (Johnson, 1979: 222) as the 
power gain which maximises the t\.JO-port added power, i.e. results in 




l. PiJmax = = 
rG - 1] 
L" lnG 
(6.17) 
6.2.4.2 Problems Involved with Large Signal Design 
The problem with designing oscillators for maximum output paver it that 
the S-parameters are a function of the device input and output paver-
levels. Thus the S-parameters used in such a design should be thos·e which 
the device presents when operating under maximum oscillator power 
conditions. 
Measuring large signal S-parameters is not an easy task since most network 
analysers are not capable of large signal operation. As a result work has 
been done to try and derive large-signal S-parameters from those measured 
for small signals using computer models, .e.g. the work done by Johnson 
(Johnson, 1979). 
Another approach is to do load pull measurements to determine the input 
and output match·required for maximum power gain at a specific input 
power. 
6.2.4.3 Summary of Design Criteria for High Power Oscillators 
From the preceding discussion, the following points can be made concerning 
high power oscillator design: 
(a) Active device characteristics 
For a high power oscillator design a device should be selected which has 












(2) the maximum available small signal gain at the frequency of 
interest should be as large as possible 
(b) matching of the active device 
The device should be matched for 
load-pull measurements should 
determined from the expressions 
gain. 
(c) coupling back power 
maximum oscillator power. To do this 
be undertaken under power conditions 
derived using Psat and the small signal 
For maximum oscillator output power it has been shown that there are 
optimal device input and output pc:Mers. To attain these values it is 
important that the right amount of pc:Mer is fed back to the input of the 
device. In the case of a ORO feedback oscillator, for instance, this will 
depend on the coupling of the ORO to the MIC lines. 
6.2.5 Designing for Maximum Efficiency 
This section examines the relationship between GaAs MESFET oscillator 
efficiency and power. It is shown that they have the same dependence on f 
and G provided certain conditions are met. This being the case, it 
follows that, for a particular device, high efficiency design will follow 
the same criteria as a high power oscillator design except Psat is no 
_longer a direct factor. 
Evans in a letter in 1985 (Evans, 1985: 254) has proposed that to a first 
approximation the efficiency of an oscillator is directly proportional to 
the output power. Thus maximising the output pc:Mer results in an optimal 
DC to RF efficiency. It also follows that the efficiency of an oscillator 
has the same frequency dependence as the output power. 
Evans argues that the FET device in a typical oscillator is operating as a 
class A amplifier. Tnis· being the case, and neglecting parasitics, then 












efficiency of 50%. Since the device's maximum output power is psat then 
the DC input must be 2Psat" Defining the oscillator's efficiency as: 
n = [ Pose] * 100% 
2Psat 
( 6 .18) 
and assuming the DC power consumed is invariant with frequency, then it 
follows from (6.16) that: 
n : [1 - : 
2 G 
(6.19) lnGJ - 7 * 100% = 
i~e. the conversion efficiency is directly proportional to the output 
power and has the same frequency dependence. 
Since the conversion efficiency of an oscillator has the same dependence 
as the output power, it follows that designing for maximum output power 
will also result in an oscillator with the best efficiency possible. 
The criteria for designing for maximum efficiency are therefore the same 
as those employed for maximum power design, with one exception. Equation 
(6.19) is independent of Psat since it does not automatically follow that 
a high power device is requi ed for high efficiency. Thus a low power 
device can produce good efficiency provided it is operating under maximum 
oscillator power conditions. 
6.3 Impossibility of Simultaneously Meeting Optimal Performance Criteria 
using the Parameters Available for Optimisation in a GaAs MIC DRO 
In the case of a GaAs MIC DRO, once a particular topology has been decided 
upon there are three basic parameters which can be used to optimise 
performance: 
(a) spe~ification of an active device 
(b) matching of the active device to the circuit 













This section shows how the different performance optimisations compete 
with each other over these parameters. 
(a) active device characteristics 
For best oscillator performance the device chosen should: 
(1) be a high power device since this allows optimisation for low 
noise, long-term stability and maximum output pa.ver 
(2) have the best possible small signal gain for best frequency 
stability, maximum output pa..1er and efficiency 
Power devices usually have smaller gain than low power devices 
(b) matching of the active device 
Here there is active competition. The possible matching conditions 
are for 
/ 
(1) low noise figure - for best noise performance 
(2) maximum gain - for best frequency and temperature stability 
(3) GME under large signal conditions - for best oscillator output 
power and efficiency 
(c) coupling of the resonator into the circuit 
Here again there are competing requirements. 
resonator to be: 
We would like the 
(1) lightly coupled to provide high loaded Q for best noise and 
temperature performance 
(2) coupled for the power feedback conditions required to produce 











(3) coupled so as to balance the opposite temperature coefficients 
of the active device and the dielectric resonator to produce a 
high temperature stability 
From the above it can be seen that oscillator design is usually a 
compromise between many different factors. Some factors, such as power 
and efficiency, can be optimised together whilst others, such as 














7. MEASUREMENT OF DR BANDREJECT FILTERS 
7.1 Introduction 
This chapter describes measurements taken to characterise DR bandstop 
filters constructed on both lOmil and 3lmil RT DUROID 5880. 
The dependence of K, QU' and QL on the distance of the DR from the 
microstripline is investigated for both types of filter at 5.75 GHz. This 
is followed by investigations into the dependence of f, K1 QU and QL on 
the airgap height x for a d = l.38mm 3lmil BRF-and for ad = 0.60mm lOmil 
BRF. These filters correspond to the BRFs used in oscillators described 
in Chapter 10 and Chapter 9 respectively. 
The chapter ends with an investigation into the variation of resonant 
frequency with temperature for the d = l.38mm 3lmil BRF. 
7. 2 DR Bandstop Filters Constructed with 32mil and lOmil Dielectric RT 
DUROID 5880 
RT DUROID 5880 with E:r = 2.2 was available in two dielectric thicknesses, 
h = lOmil (0.254mm) and h = 3lmil (0.7874mm). Tests were performed with 
the DR available coupled to 50 Ohm lines etched on both types of board. 
For h = lOmil the width of the microstripline was· 0.76mm and for h = 3lmil 
the width was 2.34mrn. 
· 7. 2 .1 Construction 
The .test boards and brass cavities constructed had the dimensions shown in 
Figure 7.1. Figure 7.2 is a photograph of a 3lmil DR bandstop filter with 
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7.2.2 Measurement Procedure 
Chapter 5 explains how the network analyser display can be used to 
determine the coupling coefficient, the unloaded Q factor and the loaded Q 
factor of a DR bandstop filter. 
The equations derived in Section 5.2.l were used to calculate K, Q and Q , U L 
from the network analyser display of S11 and 8 21 • 
7.3 ·Measured Dependence of the Coupling Coefficient K1 Unloaded Quality 
Factor (Qu) and Loaded Quality Factor (QL) on the Distance d Between 
the DR and the Edge of the Microstripline 
Tests were performed at 5.75 GHz on DR filters constructed on lQnil and 
3lmil substrates to determine the dependence of K, Ou and QL on the 
distance d between the edge of the DR and the edge of the microstripline. 
7.3.l Results 
Figure 7.3, Figure 7.4 and Figure 7.5 show, respectively, the results of 
plotting K vs d, Qu vs d and QL vs d for DR bandstop filters constructed 
on the two substrates. In general results for both 811 and 82 1 
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7.3.2 Discussion of Results 
( 1) K VS d 
Figure 7.3 shows that for the 3lmil DR filter the S21 results give a very 
smooth curve with the Sll results scattered on either side. For the lOmil 
filter, however, the results obtained from S11 measurements are 
consistently lower than those obtained ~rom measurements taken in the S21 
·plane. This results in two distinct cqrves. Since oscillators are to be 
constructed using the power reflected from bandstop filters S11 results 
should be used for design purposes. For the 3lmil DR filter the S21 curve 












As expected, the graphs show that the coupling between the DR and a 
SOn microstripline increases as the DR is moved closer to the line. Both 
the thin (lOmil) and thick (3lmil) dieletric graphs have the same shape 
but the coupling between DR and Son line is much greater for the thick 
dieletric filter than the thini~: one at the same distance from the line. 
(2) Ou vs d 
For large values of K, S11 measurements cannot be used to produce accurate 
values of Ou· Thus for the thick dieletric filter s11 results for QU 
are only shown 
for both the thick 
29SO respectively. 
(3) QL vs d 
for d > 1. Smm. QU appears to be fairly constant with d 
and thin dielectric filters with values of 2300 and 
Figure 7.S shows that, for both types of bandsto  filter, the S11 results 
for Or, are higher than the S21 results. This is consistent with lQV.ler 
values of K over the measured range. The Or, of the thick dieletric filter 
increases steadily as the coupling decreases due to increased d. For the 
thin dielectric filter, however, the value of Or, peaks for d ~ 2mm and 
then begins to fall. The Or, values of the thin dielectric filter are 
greater than those of the thick dielectric filter for values of d < 2.7mm. 
The difference in Or, is most noticeable for small values of d. For 
example, for d =- Omm, QL ~ 300 for the 3lmil DR filter and QL ~ 9SO for 
the lOmil DR filter - a factor of three difference. 
7.3.3 Comparison of Results from the 'I\./o Types of DR Bandstop Filter 
Figure 7.3 shows that the thin dielectric filter has a useful range of 
coupling values between 0.1 and l.S. Table 7.1 compares °r, and °tJ values 













Table 7.1 Comparison of Ou and QI at given k for 
thin and thick dielectric DR BRFs 
k dthin dthick ~thin ~thick Q_ thin Q_ thick 
I. 5 0.0 1.8 2950 2400 1090 1020 
I !) 0.45 ') ·) L.L 2950 2400 1380 1250 
0.5 1 .1 2.8 2950 2400 1740 1600 
These results show that the thin dielectric DR bandstop filter has.higher 
over its useful range of coupling values. However, much 
values can be obtained with the thick dielectric DR 
QU and QL values 
higher _coupling 
bandstop filter which has a useful range of coupling values from about 0.2 
range is nine times that of the thin dielectric filter at a . to 13. This 
frequency of 5.75 GHz. 
7.4 Measured Dependence of f, K, Qu and Qr, as a Function of Airgap 
Distance x for a d = l.38mm 3lmil DR BRF 
Chapter 10 describes the construction of a conman drain series feedback 
STDRO on 3lmil RT DUROID 5880. For this oscillator the DR was positioned 
1~38mm from the edge of the microstripline. Tests were carried out to 
investigate the properties of the frequency determining DR BRF as a 
function of the airgap height x. Figure 7.6 and Figure 7.7 show the S21 
and S11 averaged results of these tests. In both Figures there are two 
sets of curves, the first for the TE
0
11 DR resonant mode and the second for 
a DR resonant mode whose resonant frequency increased with increasing x. 
Figure 7.6 shows the results off vs x and K vs x, Figure 7.7 the results 





































Fig 7. 6 Graphs of k vs x and f vs x for 
2 DR resonant modes (31 mil,d=1.38) 
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Fig!. 7 Graphs of Ou and Of vs x for 2 DR 
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From the graphs the following results apply for the TE 0 .1 , DR resonant mode 
at 5.75 GHz: 
K = 2.15, this agrees well with K = 2.16 from Figure 7.3 · 
= 2350, this agrees well with C2cJ = 2400 from Figure 7.4 
= , 800, this agrees well with Or,= 800 frpm Figure 7.5 
The good agreement indicates no serious measurement errors were made. 
Further discussion of these results is left to Chapter 10. 
7.5 Measured Dependence of f, K , Qu and 9;L as a Function of Airgap 
Distance x for a d = 0.60mm lOmil DR BRF 
Chapter 9 describes the construction of a DR stabilised oscillator on 
lOmil RT DUROID 5880. The stabilising DR was positioned 0.6mm from the 
edge of the 50 ~ output line. Figure 7.8 and Figure 7.9 show the 
properties of such a BRF as a function of airgap height x. 
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In Figure 7.8 two curves are shown for K, the one plots results from S11 
measurements, the other results from S21 measurements. As a stabilising 
element the BRF is used to reflect power, thus the S11 curve is the most 
appropriate in this case. 
for QU and QL. 
Figure 7.9 shows S11 and S21 averaged results 
From the graphs the following results apply at 5.75 GHz: 
K = 0.925, this agrees well with K = 0.9 from Figure 7.3 
= 3000, this agrees well with QU = 2950 from Figure 7.4 
= 1350, this agrees well with Or, = 1400 from Figure 7.5 












K = 1.45 
= 3850 
= 1500 
These results are used in Chapter 9. 
7.6 Temperature Dependence of Resonant Frequency ford= l.36mm 3lmil.DR 
Bandstop Filter 
Figure 7.10 is a graph of frequency deviation vs temperature for a 3lmil 
BRF with a = l.38mm. The slope of the fitted straight-line is -40.3 
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MEASUREMENT AND MODELLING OF DR BANDPASS FILTERS 
8.1 Introduction 
This chapter describes measurements taken to characterise DR bandpass 
filters with a designed resonant frequency of 5.75 GHz. 
The chapter begins with details of the mechanical construction of the 
filters. This is 
coefficient (K), 
followed by an investigation 
loaded quality factor (QL) and 
into hav the coupling 
the unloaded quality 
factor (QU) vary as functions of the distance between the DR and the edge 
of the microstripline (d). 
Using the results obtained from the investigation, K and °u are expressed 
as fitted polynomial functions of d. This allows an accurate TOUCHSTONE 
model of a bandpass filter to be produced. Section 8.4 compares results 
obtained using the model with direct measurements from the network 
analyser display. 
Section 8.5 looks at the dependence of K, frequency (f), °r, and Ct; on the 
airgap distance x for d = l.Smm. The results obtained give information on 
the frequency tuning characteristics and the usable tuning range of the 
filter. 
The last section investigates the temperature dependence of f and Q for a 
L 
DR bandpass filter with d = l.Smm. 
8.2 DR Bandpass Filters Constructed with 19m"i1 .RT ·rhrr:o±-d'-::5: 
A DR suitable for constructing filters at 5.75 GHz was available. For a 
bandpass filter the DR is coupled between two Sonmicrostriplines as 
described in Chapter 5. All bandpass filters tested were constructed on 














Microstripboards were etched for d = -1.0, -0.5, 0.0, 0.5, 1.0, 1.5, 2.0 
and 3.0rrun on lOmil dielectric RT · DUROID 5880. The open circuit lines on 
the boards were designed to produce a short circuit at the reference plane 
for a frequency of 5.75 GHz. Figure 8.1 is a schematic diagram showing 
the layout and dimensions of these boards and their brass cavities. 
Fig 8.1 Schematic diagram of constructed bandpass filters 






A' T 26mm l 30mm A 
1 DR J 
./ 
brass cavity \ RT DUROID 5880 
f--30m~ 
Figure 8.2 shows the microstrip etching mask for the a = l.Smm DR bandpass 
filter. Figure 8.3 is a photograph of this filter with the lid removed. 
L _J 
t575gl5 












1.Smm bandpass filter 
8.3 Measured Dependence of Coupling Coefficient, Unloaded CUality Factor 
and Loaded Quality Factor as a Function of d for Resonance at 5.75 
GHz 
8.3.1 Measurement Procedure 
Chapter 5 explains how the network analyser display can be used to 
determine the coupling coefficient, the unloaded Q factor and the loaded Q 
factor of an equally coupled DR filter. The equations derived in Section 
5.2.2. were used to calculate K,QU. and QL from the network analyser 
display of S11 and S21. 
To try to ensure equal coupling of the DR to the two microstriplines the 
position of the DR was adjusted until the insertion loss was minimised. 













Figure 8.4 and Figure 8.5 show the results obtained from measurements in 
both the reflection (8 11 ) and transmission (8 21 ) planes. Graphs of K vs 
d and insertion loss vs d are shown in Figure 8.4 and graphs of Or; and 
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l:/a 8,5 Graol7s of Unloaded and 
Loaded 0 vs d 
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8.3.3 Discussion of Results 
The results show that in general the measurements taken in the S11 plane 
are less reliable than those taken in the S 21 plane. There are two 
possible reasons for this: 
(1) the coupling to the two microstriplines may not, in fact, have been 
equal. One would expect this to have more effect on a 
S 
11 














( 2) s 
11 
measurements are more sensitive to mismatches due to launcher 
discontinuities etc than are S measurements 
21 
The S21 measurements yielded smooth curves and are the more appropriate 
measurements to take when characterising a bandpass filter. 
8.4 Computer Modelling of 5.75 GHz Bandpass Filters with d as a Fitted 
Variable 
As shown in Section 5.2.2.3 a DR bandpass filter can be modelled as shown 
in Figure 8.6 below for the case of equal coupling to the two lines. 
L R 
Fi'J e.6 tvlodel of bandpass filter for the case of equal coupling 
R is a function of K which is a function of d 
R(d) = K'( d) *Zo ( 8 . 1 ) 
L and c are functions of QU and R which are both functions of d. 
R(d) 
L(d) = ( 8 . 2 ) 
2rr*fo*Ou(d) 
Ou(d) ( 8 . 3 ) C(d) = 
R(d)*2rr*fo 
The aim here is to express Kand QU as functions of d. R(d), L(d) and 
C(d) can then be calculated and used to moael the DR bandpass filter for 












8.4.1 Expressing K, Qr. and Qp as Polynomial Functions of d 
Programme LAGRANGE from TURBOPASCAL TOOLBOX was used to fit polynomials in 
d to K, QL and Ou· The polynomials so determined are given below. The 
order of the fitted polynomial is determined by the number of data points 
used in the fit. 
K(d) = 2.541 - l.849d + 0.6817d 2 - 0.2930d 3 + 0.1594d 4 - 0.0178d 5 
= -6.4941 + 79.379d + 336.43d 2 + 368.557d 3 
= 2244 + 665.84ld - 309.192d2 - 169.867d 3 + 85.958d 4 + 
56.683d 5 -36.767d 6 + 5.343d 7 
( 8 • 4 ) 
( 8 . 5 ) 
( 8 . 6 ) 
The polynomial for QU(d) was fitted to data points calculated from K(d) 
and Or,(d) according to the formula Ou= Or,(l +K) (8.7) 
8.4.2 TOUCHSTONE Computer Model and Results 
A TOUCHSTONE program was written to model the bandpass filter as a 
function of d according to equations · ( 8 .1) through ('8. 7). 
The model w~s checked by comparing calculated values of insertion loss at 
frequencies close to resonance with values measured on the network 
analyser. Figure 8.7 shows calculated and measured values of insertion 




























FigB. 7 Measured and calculated insertion 
loss vs freq for different values of d 
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The graphs show that the error between calculated and measured is less 
than 0.3dB for all values considered. The close agreement indicates that 
the theory derived in Section 5.2 provides an accurate model of an equally 
coupled DR bandpass filter. 
8.5 Measured Dependence of Frequency, Coupling Coefficient, Unloaded 
Quality Factor and Loaded Qualit.y Factor as a Function of Airgap 
Distance x (d = l.5mm) 
The aim of this experiment was to determine the usable frequency range of 
the bandpass filter. By mechanically altering the airgap distance x the 
filter can be tuned over a certain bandwidth. Not all of this bandwidth 












8.5.1 Results and Discu.ssion 
The results for f vs x and K vs x are displayed graphically in Figure 8.8 
and those for QU and QL vs x in Figure 8.9. A frequency scale has also 
been marked on Figure 8.9. For this experiment distance d was set equal 
to 1. Srrun. 
-·--· -------
Fig 8. 8 GraQhs of k and f VS X 
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decreases with increasing x i.e. decreasing x has the 
increasing the frequency with 
df x?O. The greatest --- as 
dX 
frequency_of the filter is thus more sensitive to changes in 
is small. 
(2) Coupling Coefficient as a Function of x 
'The graph of K vs x shows that the coupling is a strong function of x 
for values of x less than 7 turns. For x between Omm and 3 
turns K is a linearly increasing function of x with a slope of 
0.192/mm. An anomaly is aE)parent in the curve for x between 3 turns 
and 7 turns. For x greater than 7 turns K is independent of x 












The value of at 5.75 GHz found from Figure 8.8 is 0.66. This 
agrees well with the value of 0.69 from Figure 8.4 under the same 
conditions. 
(3) Unloaded Quality Factor as a Function of x 
From the graph in Figure 8.9 it can be seen that QU is a linearly 
increasing function of x from x = Orrm to x = 5 turns (gradient 
547/mm) and a linearly decreasing one from x = 5turns to x = 16 turns 
(gradient -160/mm). 
For a centre frequency of 5.75 GHz the unloaded Q value from the 
graph is 2550. This agrees well with the value of 2480 found by 
substituting d ~ l,5mm into equation 8.6. 
If the minimum acceptable unloaded Q factor for the bandpass filter 
is taken as 2000 then, from the graph, the tuning range is found to 
be-444 ·MHz. The maximum mechanical tuning range of the filter is 
1060 MHz. 
(4) Loaded Quality Factor as a Function of x 
The graph in Figure 8.9 shows that as x is increased from zero, 
QL increases, reaches a peak at x = 3 turns (f = 5.7305 GHz), and 
then falls off. The required 5.75 GHz resonant point is very close 
to the peak value indicating that this resonant frequency is close to 
optimum for the cavity constructed. 
8.6 Temperature Dependence of Resonant Frequency and Loaded Q for d = 
l.5mm Bandpass Filter 
The a = l.5mm DR bandpass filter was placed in the environmental chamber 
with long cables connecting it to the network analyser. An alcohol 
thermometer was taped to the side of the cavity and the resonant frequency 












8.6.l Results and Discussion 
Figure 8.10 shows the resonant frequency and loaded Q of the filter as a 
function of temper_ature. The loaded Q was measured assuming K remained 




















Fig 8.10 Temperature dependence of 
resonant frequencv and Q/ 
(d = 1.5mm) 
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From Figure 8.10 the resonant frequency appears to have a fairly linear 
temperature coefficient of about -10ppm/°C whilst QL appears almost 













DIELECTRIC RESONATOR STABILISED MICROSTRIP OSCILLATOR 
9.1 Introduction 
·This chapter describes the design, construction and evaluation of a DR BRF 
stabilised oscillator. 
As discussed in Chapter 5, a stabilised DRO consists of an oscillator with 
a poor pulling factor which is then stabilised with a DR on the output. 
The first section, therefore, describes a 3-port microstrip oscillator 
with poor pulling factor developed at 5.75 GHz. 
The second section begins with the 
oscillators. It then describes how 
stabilised with a DR BRF. Practical 
together with those predicted by theory. 






The last section discusses the results obtained and compares the 
performance of the stabilised oscillator at 5.60 GHz with that predicted 
by theory and the performance of the unstabilised oscillator. 
9.2 Unstabilised Negative Resistance Microstrip Oscillator at 5.75 GHz 
9.2.1 Design of Unstabilised Oscillator 
9.2.1.l Requirements and Chosen Topology 
The basic requirements of the unstabilised oscillator are: 
(1) that it oscillate at a frequency of 5.75 GHz 
(2) that it have a poor pulling figure (low Qex ) 












A microstrip parallel feedback oscillator was designed and constructed but 
did not meet any of the above criteria. 
diagram of this oscillator. 









Fig 9.1 Schematic diagram of microstrip parallel feedback oscillator 
A microstrip oscillator which did meet the requirements listed above had 
the topology shown in Figure 9.2. 
Reactive gate stub 
50 Ohm O/P line 
FET Reactive source stub 
Fig 9.2 Topology of unstabilised microstrip oscillator 
This oscillator consists of a MGF1801 transistor in 3-port configuration 
with reactive loads on the gate and source. The drain is connected to a 
Son output line which is matched for maximum output power. The design and 
construction of this oscillator is now described. 
9.2.1.2 6 Step Design Procedure for Chosen Oscillator Topology 
This section describes the design of two possible 5.75 GHz microstrip 
oscillators with the topology of Figure 9.2. The basic aim of the design 












steady-state oscillation at 5.75 GHz. The procedure is laid out in 
logical steps. Step 4 results in two possible source reactances and hence 
two oscillator configurations. Steps 5 and 6 are applied to both 
configurations to produce two oscillator designs with the same topology 
but different reactive loads on the source and gate. 
Step 1: Interpolation of manufacturer's small signal oata to give small 
signal common source S-parameters at 5.75 GHz. 
Appendix H documents the manufacturer's small signal s-parameter data for 
the MGF1801. To build oscillators at 5.75 GHz TOUCHSTONE was used to 
interpolate this data. The resulting common source small signal s-
parameters at 5.75 GHz are: 
98 
§ = [ 
0.598 /177.7° 
2.807 /27.2° 
0.55 /65.20 J 
0.510 /-99.7° 
( 9. 1) 
Step 2: Conversion of 5.75 GHz common source S-parameters to 5.75 GHz 3-
port S-parameters. 
Since we are dealing with a 3-port topology it is necessary to obtain the 
3-port s-parameters from the 2-port common source S-parameters. This can 
be done using the equations derived in Appendix G. The calculated 3-port 
small signal S-parameters at 5.75 GHz are: 
[ 1. 346 
/-131.28° 0.834 /43.43° 1.355 /18.86° 
§ = 3.208 /46.84° 1.308 /-103.82° 1. 386 /-129.51° ( 9 . 2 ) 
1. 364 /-103.00° 0.993 /44.61° 0.870 /46.48° 
Step 3: Mapping the reactive load circle of the source port into the gate 
reflection coefficient plane with the drain port terminated in 50~. 
An important piece of theory which is very useful for oscillator design 
was pubiished by Wagner in 1979 (Wagner, 1979). In his paper Wagner 
derives an equation which describes the conformal mapping of the load 
reflection coefficient plane into the input reflection coefficient plane 












Wagner's equation can be used to map the source reactance circle into the 
gate reflection coefficient plane with the drain terminated in a fixed 
impedance of son. Terminating the drain in Son results in a reduced 2-
port network to which Wagner's equation can be applied as illustrated in 
Figure 9. 3. 
gate 
[
S 99 S gd S 9,] 
sdg s dd s ds 






S99 S gs] 




Fig 9.3 The reduced ?-port S-parameter matrix for a 3-port 
device terminated in 50 Ohms 




s99a 9 + s9dad + s98 a 8 
Sctgag + Sctdad + Sctsas 
Ssgag + Ssdad + Sssas 
( 9 . 3 ) 
( 9. 4) 
( 9 . ~ ) 
If the drain is terminated with a load with reflection coefficient rd then 
the incident and reflected waves on the drain are related by 
= 
Substituting (9.6) into (9.3), (9.4) and (9.S) gives: 
bg = s99a 9 + Sgdrdbd + Sgsas 
I 
( 9 . 7 ) 
bd = Sctgag + Sctdrdbd + Sctsas 
( 9 . 8 ) 
bs = s59a 9 + Ssdrdbd + Sssas 
















1 - Sctctrd 1 - Sctctrd 
§.a1 = (9.10) 
SsctSctgrd SsctSctsrd 
Ssg + Sss + 
1- Sctctrd 1 - Sctctrd 
If the load on the drain is SQQ then r ct = = 0 (9.11) 
so that the reduced S-parameter matrix becomes 






Since Wagner's mapping is conformal the reactance circle Ir I = 1 for the 
. s 
source maps into a circle in the gate reflection coefficient plane. From 
Appendix I and (9.12) the centre of this circle is given by: 
S11 - ilS22 * 
= 
1 - ls221 2 
. where fl d5 o = 
and the radius by 
Sgg - 6d50Sss * 
1 - 1Sssl 2 
SggSss - SsgSgs 
= 7 .·99 /-130. 7° ( 9 .13) 
( 9 .14) 
= = 7.63 
( 9. 15) 
Figure 9.4 shows the I r I = 1 circle mapped into the gate input reflection s 
. coefficient plane. Source reactance values have also been marked on the 
circle. 












Step 5: Calculation of the common source S21 magnituae and gate input 
reflection coefficient under large signal conditions. 
As shown in Chapter 4, .the steady state oscillation condition on the gate 
port is given by rgrgl= l (9.16) where: 
r = YLI. is the large signal reflection coefficient looking into the g g-
gate, and 
= Ir Iii[ :i_ g gr is the reflection. coefficient of the load on the gate.· 
For a reactive loaa on the gate I r I = 1 ( 9 .1 7) • For small signal gl 
conditions y = 2 and hence I r gll Y ~ 1 giving reliable startup.. As the 
oscillations build up the transistor saturates, its 3-port S-parameters 
change ana y decreases until y = 1 at which point the conditions for 
steady state oscillation are satisfied. 
Work by Johnson (Johnson, 1979: 219) has shown that the common source 
parameter which changes the most under large signal conaitions it the 
magnitude of S21 i~e. I (S 21 ) I Assuming that this is the only . cs 
parameter which changes, an iterative program was written which converges 
to a solution of y = 1. Figure 9.5 is a flowchart of the program which 
prints out I (S21) I 'and r after 20 iterations. The fortran coae for the 
cs g . 














Fig 9.6 Theoretical and Practical deviceline for Wagner's oscillator 
The results for the two possible source values are tabulated in Table 9.1 
below. 
Table 9.1 Design results for the two values of source reactance 
Source Equiv. 
I (So, led T,=~~ ~=-LI.! 
Gate Equiv. 
Osc React Cap/Ind. React. Cap/Ind 
Osc 8 - j39.05 0.7088pF 1.592 .1 /-163.~ 163.9° j7.085 0.1961 nH 
Osc A j554.1 15.35nH 1.815 1 f-96.8' 96.8° j44.4 1.229nH 
Step 6: Calculation of reactive load on the gate for oscillation at 5.75 
GHz. 
Under steady state oscillation conditions: 













1f and the corresponding gate reactance for each of the two source 
L.:..g-1-
1 oads are tabulated in Table 9.1. 
9.2.1.3 Program DESIGN 
To automate the design procedure discussed in the previous section, a 
fortran program called DESIGN was written. The flow chart of this program 













input small signal 
cs S-params 
calculate rs •• s ··] 
Ls .. s .. 
and use this to calculate centre and 
radius of mod(Ts)=1 circle in gate and 
limits of gamma 
input required 
small signal gamma 
Calculate the two LL.gs which satisfy 
I Tg I =gamma and I Ts 1=1 and the 
corresponding source refl. coef.s and 
reactive loads 
output: 
* entered cs S-parameters 
*centre and radius of 1Tsl=1 .circle in gate 
* two Llg_s which satisfy I Tg I =gamma and 
I Ts I= 1 and the corresponding source refl. 
coefs. and reactive loads. 
Calculate: 
* ~~21) c• I which gives gamma = 
* for gamma=f and ITsl =1 
* new centre and radius of I Ts I= 1 circle 
in gate 
Calculate gate reactance for oscillation 
output: 
* value of I (S21 L. I which gives gamma= 1 
* Tg for gamma=1 and I Tsl =1 
* new centre and radius of I Tg 1. =1 circle 
in gate 
* gate reactance value for oscillation 



















9. 2.1.4 Evaluation Cf the Two Possible Oscillator Configurations 
Section 9.2.1.2 described a design procedure which resulted in two 
possible oscillator configurations. This section evaluates the two 
configurations, using TOUCHSTONE models, to determine which best meets the 
requirements for an unstabilised oscillator at 5.75 GHz. 
(a) TOUCHSTONE Models of 2 Oscillators 
Figure 9.8 shows the two configurations, labelled oscillator A and 
oscillator B, with ideal lumped elements on the source and gate. 
g d 






(1.592) 50 Ohm 
s O/P 
_ T~ 0. 7086pF 
0.1961nh _t· 
Oscillator B 
Fig 9.8 Oscill1Jtor models with ideal lumped elements 
Figure 9.9 shows the same configurations with 30n microstrip open circuit 
stubs used as the reactive elements. The lengths of the stubs were 
calculated using 
microstripline. 
the MLEF TOUCHSTONE model of an open circuit 
3on stubs (l.56mm wide) were used to avoid a 
discontinuity between the transistor and the stub on the source port. 
q d 
~(1592: I' ? (1.815) 50 Ohm 50 Ohm 
33.59mm s O/P 29.18mm Ds O/P 
36.81mm 3.73mm 
Oscillat.::.r A Oscillator B 












The two micro9trip oscillators of Figure 9.9 were modelled on TOUCHSTONE 
to determine the frequency response of their output characteristics. To do 
a frequency sweep S-parameters were required at frequencies above and 
below 5.75 GHz. 
Small signal S-parameters supplied by the manufacturers were used 
with j(S21 )csl reduced by the same factor as for the 5.75 GHz value. 
(b) Results Obtained from TOUCHSTONE Models 
Figure 9.10 and Figure 9.11 show the output characteristics of oscillator 
A and oscillator B respectively. Appendix L is a listing of the 
TOUCHSTONE file used to produce Figure 9.10. 
100.0 
0.000 
EEsof - Touchstone - Tue Aug 30 10:55:17 1988 - M7 
0 DB[ 511] 
OSCA 
. coo 
+ RE[ Z1] 
OSCA 
0 IM[ Z1]. 
OSCA 
5. 500 FREQ-GHZ 














EEsof - Touchstone - Tue Aug 30 10: 58: 18 1988 - MB 
0 08[ S11] 
OSCB 
+ RE[ Z1} 
OSCB 






-100. 0 ------~-----..._ ____ ____._ ___ ~ 
. 000 5.500 FREQ-GHZ· 6;000 
Fig 9.11 Output characteristics of oscillator B from TS model 
Table 9.2, below, surrmarised the important results from the graphs at 5.75 
GHz. Also included are frequency pulling results obtained from terminating 
the oscillators in different real impedances. 
Table 9.2 Comparison of Touchstone· model results for 
oscillators A and B at 5. 75 GHz 
Factor Oscillator A Oscillator B 
IS..., I 33.9 dB 38.9 dB 
R.,. -48.4 Ohms -49.0 Ohms 
x ... 0 Ohms 0 Ohms 
dX_ +ve +ve 
df 
(~f) ,,., for 69 MHz -35 MHz 
VSWR of 1.2 
· (b.f) ,,., for 157 MHz -83 MHz 












(c) Evaluation of Results 
The results obtained from the TOUCHSTONE models can be used to decide 




oscillation frequency: both configurations oscillate at a 
frequency of 5.75 GHz. This is illustrated by the fact 
that I sosel peaks at 5.75 GHz and Xose = 0 at 5.75 GHz in both 
cases 
we would expect ISosel and output power: 
indicative of the output power one could expect. 
Rose to be 
Judging by 
criteria oscillator B is the better candidate. In terms 
of Rose it is, however, only marginally better than oscillator 
A 
(3) pulling characteristic: the results show that the pulling 
characteristic of oscillator A is twice as bad as that of B. A 
positive sign in Table 9.2 indicates that fose increases as the 
real termination impedance is increased, thus the frequency 
moves in different directions for the two oscillators. This is 
due to the fact that oscillator A has an inductive stub on the 
source and oscillator B a capacitive one 
To ensure good stabilisation using a DR BRF it is essential for the 
unstabilised oscillator to have a poor pulling figure. It was thus decided 
to construct oscillator A rather than oscillator B. 
9.2.2 Construction of Chosen Oscillator Configuration 
Figure 9.20 (p. 124) is a photograph of the constructed oscillator tuned 
for maximum power at 5.75 GHz. In this photograph the stabilising DR BRF 
is shown in position on the output. 
Since the transistor operates in a 3-port configuration it was mounted on 
top of the microstrip and its unused source lead cut off completely. The 
\ 












9.12shows the bias arrangements used to de bias the device. An RF choke 
consisting of 5 turns of 0.08mm diameter self-tinning wire was found to 
work well as frequencies around 6 GHz. 
d 
22pF 












( c) source bias 
circuit 
Fig 9.1" Bias circuits used to supply de bios to the device 
To optimise the output power into 50 Ohms at a frequency of 5.75 GHz, 
tuning discs were placed on the gate and source stubs. Varying the 
position of the tuning discs affected both the frequency and the output 
power and a process of trial and error was thus required to determine 
their optimal positions. 
9.2.3 Performance Results for Unstabilised Oscillator 
(a) Performance as a Function of Vas· 
The unstabilised microstrip oscillator performance is shown in Figure 
9.13 as a function of drain bias voltage Vas with gate bias voltage, 
v
95























Fig .9. 73 Unstabll/sed Micros trip 
Oscillator Performance_ 
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The output power was optimised at 5.75 GHz for Vds = 4.5V, thus f 
= 5.75 GHz at this Vds value. When tuning a FET oscillator it is 
easy to exceed the maximum Vds rating with large transient VSWRs. 
Tuning at a lower V ds reduces the probability of destroying the 
device. 
Figure 9.13 shows that oscillation is only possible for Vds > 2.85V. 
Increasing Vds results in an increase in output power and a decrease 
in the oscillation frequency. When stabilised with. a DR the, 
oscillator was biased at Vds = 5.65V. This corresponds to an 











(b) Noise Performance 
No equipment was ayailable to measure the noise performance of the 
oscillators built. The DROs had a noise performance which was better 
than that of the local oscillator in the spectrum analyser preventing 
this from being used for noise measurement. 
(c) Pushing Factor 
Figure 9.14 is a graph of frequency deviation from 5.75 GHz versus 
Vgs" The results show a very linear relationship with the slope of 

















Fig .9. 14 Pushing Characteristic of 
Unstabilised Oscillator 
-- Pushing 
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(d) Pulling Factor 
Figure 9.15 shows the arrangement used to perform frequency pulling 
measurements. 
Oscillator 
SI iding short 
Fig 9.15 Frequency Pulling Measurement 
The output spectrum varied cyclically through 6.f as the 9osition of 
the sliding short was varied. 
The external Q of the oscillator, Qex , was determined using a 





=output power of the oscillator 
Pi = input injection locking power 
f 0 = frequency of oscillation 
(9.19) 
For the arrangement of Figure 9.16 the oscillator is self-locked by 
the power reflected from the sliding short. Since there is a lOdB 
pad between the oscillator and the sliding short P is down by a 
factor of 100 on P 0 i.e.: pi 1 
= 
P0 100 












(e) Temperature Dependence 
Figure 9.16 is a graph of the frequency deviation from fosc at 25°C 
versus temperature. The slope of the fitted straightline is -0.548 















Fia 9. 16 Temperature Characteristic 
of Unstabil/sed Oscillator 
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9.3 Stabilised ORO 
9.3.l Tneory of DR Bandreject Filtei (BRF) Stabilised Oscillators 
Stabilisation of a solid state microwave oscillator using a DR BRF was 
first tneoretically investigated by Shirahata (Abe, 1978: 159). 
The output reactance X of a microwave oscillator either rises or falls 
with increasin1.:3 frequency. Oscillators with dX/dw > 0 should be modelled 
by a series resonant circuit and those with dX/dw< 0 by a parallel 
resonant circuit (see Chapter 4). We consider here the stabilisation of 
an oscillator with dX/dw < 0 i.e. dB/dw > 0. 
Symbols used 
The following symbols a~e used in this section: 
f 0 unstabilised oscillator oscillation frequency 
fr resonant circuit resonant frequency 
f stabilised oscillator oscillation frequency 
Q
0 
unloaded Q value of equivalent unstabilised oscillator circuit 
Qoex external Q value of unstabiised oscillator 
Qr resonant circuit unloaded Q value 
K coupliing coefficient between resonant circuit and transmission line 
f - fr 
6 -
fr 














Susceptance of an Unstabilised Oscillator 
For an oscillator with dB/dw>O the input impedance Yosc for the 
~quivalent parallel LRC circuit (see Figure 9.17) is given by: 
l 1 + 
117 
2jQ0 8' 
Yosc = = (9.20) 
Zosc R 
f - f o [f - fr fr - to][::J where 8' = = + 
f o fr fr 
(9.21) 
·rne input susceptance B is thus 
2Q
0
8' 2ooexe - fr fr - f 0 J [::J 8osc = = + 
R Zo fr fr 
(9.22) 
where Qozo 
Ooex - (9.23) 
R 
Res.on a tor 
.c 











Susceptance of DR Stabilising Circuit 
At the filter reference plane, the input impedance of the DR BRF 
terminated in a load ZL= ([l +a] + jb)Z
0
is given by: 
= + ( ( 1 + a) + jb) 
1 + j2QrS 
1 
= Thus Ystab 
z0 (1 +a+ 2~ - 2bQrS) + j(b + 2QrS(l +a)) 
the imaginary part of which, 
1 
Bstab = z0 °(l +a+ 2~ - 2bQrS)2 + (b + 2QrS(l + a))
2 
Stabilisation Condition and Oscillation Frequency 
To stabilise an oscillator with dB/dw > 0 the stabilising circuit should 
have the same characteristic to ensure that the condition 
> 0 is met. 
As shown in Section 5.3, the condition 
d 8 stab 
> 0 
ow 
can be met by placing the BRF at a point nA~2 away from the unstabilised 
oscillator reference plane. 
The oscillation frequency is found by equating the total susceptance 







z0 (1 +a+ 2~ - 2bQrS)2 + (b + 2QrS(l + a))2 
If the DR BRF is terminated in a non-reflecting 
approximated as unity, then: 














[f - fr fr - f0J + 0 20oex + 
fr fr ( 1 + 2K')2 + ( 2Q.r 6) 2 
f o - fr 2 K' Or 1 
= + .--. [f :rfrJ[l 
fr ( 1 + 2K')2 Ooex [ 2Qr [f 
1 + 
1 + 21<' 
Derivatives 
(lf 















f 2 r 
= [ 
1 ~f f J 
F'. fr·~fr - fr2 
rearranging, ~.[f-fo] 
f F' r 
= 
Hysteresis Phenomenon 
f - f 
From (9.33), ( ~~ )f becomes infinite when F 1 ( f r) = 0 





( 9. 30) 
(9.31) 
.(9.32) 
( 9. 33) 











f - f 
Solving (9.34) give four values of { r) fr and substituting these values 
into (9.28) gives the four values of oscillator frequency 
can be labelled f -f , r a 
which (8f/afr)f0 becomes infinite. These 
fr+ fb' f +f as shown in Figure 9.18. r a Approximate values for 
fb are derived in Appendix M assuming Q << Q • ex r They are: 
and 
K' 1 
fa = .-.fr 
(2K'+l) Qoex 
f b = loo:xQ~ .fr 
r l ( .I I ~ f 
fr-fa fr -f b fr+ fa fr +f: 
0 
Fig 9_·1 e. Unstabilised oscil.lator frequencies at which 
(k· 







( 9. 35) 
( 9. 36) 
For f
0 
lying between fr-fb < f
0
< fr+fb only one stable value off exists 




lying between f -f < f < f -£ and f +fb < f < f +f three r a o r -b r o r a 
possible values of f exist which satisfy (9.28). Of these only the 
smallest and largest satisfy the stable oscillating condition as /8f-> O. 
r 
Since there are two possible stable modes of oscillation, hysteresis 
occurs within this range. 
Thus'two stabilisation ranges exist, 6a which includes hysteresis and 6b 
which does not. From Figure 9.18 and equations (9.35) and (9.36) 6a 
and 6 b can be approximated by: 
1 K' 
6a = :::::: . fr 














= 2~.fr (9.38) 
Stabilised Temperature Coefficient 
The stabiised oscillator temperature coefficient is given by: 
p = 
= 1 and = 0 
1 b.f r 1 f::.f o 
p = -. - + 
fr b.T F'(O)fo b.T 
1 ti.fr 1 i af 0 
= -.- + -.- (9.39) 
fr b. T 2 K' Or f 0 b.T 
1 + 2 . 
( 1 +. 21<') Ooex 
Stabilised Pushing Figure 
The stabilised oscillator pushing figure q is given by: 
df b.f o 
q = -
df o fr b.Vgs 
1 f::.f o 1 
For f = f = fr q = = ·o 
F' ( 0) !::.Vgs 2K' Or 
1 + .---
( 1 + 21<') 2 Ooex 
.-
!::.Vgs 
Stabilised Pulling Characteristic 
(9.40) 
The pulling characteristic when f 0 = fr is obtained as follows: 











thus (a + 1) + jb = 
1 + lrlej0 
1 - lrlej0 
2jrjej0 
(9.42) or a + jb = 
1 - lrlej0 
splitting (9.42) into real and imaginary parts gives:. 
a == 2lrlcos0 ( 9. 43) 
and b == 21 r I sin0 ( 9. 44) 
Approximately solving (9.28) on the assumption that r << Kand r << 1 
gives: 
f - fr b rsin0 
"" = (9.45) 
fr 4QrK' 2QrK' 
jrjsin0 
Thus (.L\f )pull = f - fr = .fr 
2QrK' 
(9.46) 
9.3.2 Stabilising the Microstrip Oscillator using a DR BRF on the Output 
(a) dX/dw Characteristic of Unstabilised Oscillator 
The distance of the DR from the output plane of the unstabilised 
oscillator is determined by the (dX/dw) characteristic of the 
oscillator. 
Figure 9.10 (p.108) includes a plot of output reactance, x, versus 
frequency for the TS model of the unstabilised oscillator. At 5.75 
GHz dX/df = 1.79 x 10-7 Ohms/Hz giving dX/dw = 2.85 x 
10-8 radians/sec. Since dX/dw is positive a series RLC circuit is 
appropriate to model the oscillator at 5.75 GHz. The values of R, L 
·and C are found as follows: 
1. · from Table 9.2 R = -48.4Q (9.47) 
1 dX 













3. at resonance f
05
c = ---- giving C 
2rrv(LC) 
= 0.0538pF (9.49) 
Figure 9.19 shows the series RLC model and its output characteristics 
as a function of frequency. Comparison of Figure 9.19 with Figure 
9.10 (p. 10S ) shows that the series RLC circuit provides an accurate 
model for the oscillator at 5.75 GHz. 
100. 0 
0. 000 
EEsof - Touchstone - Tue Aug 30 11:04: 44 1988 - RLCDEV 
0 OB[ 511] 
DEV 
+ RE[ Z1] 
DEV 
0.0538pF 







! 14.25nH l 
f---- -4·3 Ohms 
I 
I 
-100. o L---~------+------~-----~ 5.000 5. 500 FREQ-GHZ 6. 000 
Fig 9.19 RLC model of microstrip oscillrJtor at 5.75 GHz 
(b) Positioning the DR on the Output 
'For an unstabilised oscillator with dX/dw positive the stabilising DR 
sho~ld be placed Ac/4 (9.6mm) away from the oscillator output plane. 
The photograph of Figure 9.20 shows the stabilised microstrip 
oscillator with the DR in position. The distance of the DR from the_ 
line was made equal to 0.6mm to give a coupling coefficient at 5.75 












Fiq 9. 20 PhotograRh of BRF stabilised ORO 
9. 3. 3 Practical Results for BRF DR Stabilised Microstrip Oscillator 
(a) Mechanical Tuning Characteristics of Stabilised Oscillator 
Figure 9.21 shows f, Ids ana output power of the stabilised 













Fig_ 9.21Mechanica/ TuninQ 
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From the graph of f vs x it is seen that the unstabilised osciilator 
only locks to the DR at a frequency of 5.745 GHz which is the highest 
stabilised oscillation frequency. The stabilised frequency range 
extends from 5745 MHz to 5533 MHz, giving a bandwidth of 212 MHz. 
Comparing the frequency curve 9f Figure 9.21 with Figure 7.8 it is 
seen that the stabilised oscillation frequency is determined by the 
DR and tuning disc. No hysteresis was observed for t~e stabilised 
'bandwidth. 
The oscillator was not stabilised at 5.75 GHz. Stabilised oscillator 
measurements were therefore taken at a frequency of 5600 MHz which 












(b) Pushing Factor 
Figure 9.22 is a graph of V pushing factor as a gs 
















Fig 9.22 DR Stabilised Oscillator 
Freq Pushing Characteristic 
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(c) Pulling Factor 
Figure 9.23 shows (6f) 11and Q for the stabilised oscillator as a · · pu ex 
function ~f frequency. At 5600 MHz (6f) .. ,
1




Fig 9.23 DR Stabilised Oscillator 
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(d) Temperature Dependence 
Figure 9.24 shows the frequency deviation with temperature for the 
stabilised oscillator. The frequency temperature dependence of the 
unstabilised oscillator has also been included for comparison. The 
frequency temperature relationship for the stabilised oscillator is 
not really linear but the fitted straightline shown has a gradient of 




















Fig 9.24 Frea Temoerature Characteristic 
of Stabilised Oscillator @5. 60 GHz 
-- Unstabttised Osc -+-Stabilised Osc 
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Temperature (degrees Celcius) 
9.3.4 Theoretically Expected Results 
The theory of DR BRF stabilised oscillators derived in Section 9.3.l was 
for an oscillator with dB/dw positive and the DR placed n;\
9
/2 from the 
oscillator output. For an oscillator with dX/dW positive and the DR n;\~ /4 g 
from the output the same results hold. The only difference is that the 












Table 9.3 tabulates the theoretically expected results at 5.75 GHz and 
5.60 GHz. 
The following results were used in the calculations: 
Ooex = 7.01 
(9.50) 
t. f 
= 43 MHz/v95 
tJ.Vgs (9.51) 
lrl = 0.1 ( 9. 52) 
1 tJ.to 
-.- ,_ -95.3ppm/ 0 c 
fo tJ.T ( 9. 53) 
1 t.f r 
-.- = -10ppm/°C 
fr f.T 
From Figure 7.8 and Figure 7.9_ at 5.75 GHz: K = 0.925 (9.55); Qr= 3000 
(9.56) at 5.60 GHz: K = 1.45 (9.57); Qr= '3850 (9.58); 
Table 9.3 Theoretical results at 5.75 GHz and 5.60 GHz 
Factor 5. 75 GHz results 5.60 GHz results 
Total stabilised 266 MHz 297 Mhz 
locking range 
locking range with 
no hysteresis 
108 MHz 116 MHz 
Stabilised -11.0 ppm/K -10.9 ppm/K 
temp. coef. 
Stabilised Pushing 0.44 MHz/V9, 0.41 MHz/V91 Factor 
Stabilised 












9.4 Comparison of Actual Results for Stabilised Oscillator with 
Theoretically Expected Results and Results for the Unstabilised 
Oscillator 
There are major discrepancies between the theory of Sect-ion 9.3.l and the 
practical results obtained. According to the theory the centre of the 
stabilisation range should coincide with the unstabilised oscillator 
frequency so that stabilised oscillation at 5. 75 GHz should be possible. 
Theory also predicts that no more than about 100 MHz of the stabilisation 
range should be free of hysteresis yet no hysteresis was observed over the 
mechanical tuning range of roughly 200 MHz. 
Good agreement was, however, obtained between the practical and 
theoretical results for a stabilised oscillator at 5600 MHz as shown in 
Table 9.4. Table 9.4 compares the stabilised oscillator at 5.60 GHz with 
the unstabilised oscillator and the theoretically predicted results. 
Table 9.4 Comparison of results for 5.60 GHz stabilised oscillator 
with unstabilised results and theoretical results 
Un stabilised . Stabilised Theoretical 
Factor oscillator oscillator Stabilised results 
at 5.75 GHz at 5.60 GHz at 5.60 GHz 
Stabilised -- 209 MHz 297 MHz 
tuning range 
Pushing 43 MHz/V 0.3 MHz/V 0.41 MHz/V 
Factor 
(L:::.f).,.., 82 MHz 90 KHz 50 l<Hz 
-
Temperature -95.3 ppm/K -19.6 ppm/K -10.9 ppm/K 
coeffiden t 
Output 95 mW 19 mW --
Power 
Efficiency 17.3% 4.5% --
The pushing and pulling factors of the stabilised oscillator have been 
improved by factors of 100 and 1000 respectively over the unstabilised 












times better than that of the unstabilised 
demonstrate that the frequency stability of 
dramatically improved by the DR BRF. 
oscillator. These results 













COMMON SOURCE, COMMON DRAIN AND COMMON GATE SERIBS FEEDBACK STDROs 
10.l Introduction 
This chapter describes the 
drain (CD), corrrrnon source 
oscillators. 
design, construction and comparison of corru:non 
(CS) and cornnon gate (CG) series feedback 
The first section, Section 10.2, details the step-by-step design of a CS 
series feedback STDRO at 5.75 GHz. CD and CG oscillators can be designed 
using the same procedure and their design results are given in Section 
10.3. Section 10.4 checks the theoretical design results using the 




Section 10.5 details the practical construction, 
resonator position and technical problems of the three 
configurations. The difference between the practical 
resonator positions is then discussed in Section 10.6. 
The practical results obtained for the CD, CS and CG osciilators are the 
subject of Section 10.7 and these results are compared in Section 10.8 to 
determine which series feedback configuration gave the best results. 
The chapter 
obtained. 
ends with the conclusions which can be drawn from the results . 
10.2 Step-by-Step Design of a Common Source Series Feedback STDRO 
Chapter 5 outlined the basic concepts involved in designing a series 
feedback STDRO. This section details the step-by-step design of a common 
source series feedback STDRO at 5.75 GHz. This SDTRO is designed for 












· 10.2.l Determining a Value of Source Reactance Which Gives Greater Than 
Unity Reflection Coefficient on the Gate and on the Drain 
The first step in the design is to determine a value of source reactance 
x
5 
(see Figure 10.1) which gives Ir g I > 1 and Ir d I > 1 for a sort measuring 
system. 
z 
Fig 10.1 Determination of source reactance Xs 
For the case of an oscillator constructed in microstrip an open circuit 
stub can be used 
+jooQ • Such an 
source with unity 
open circuit stub. 
to provide a reactive impedance X between - j ooQ and s 
impedance presents a reflection coefficient rsl to the 
magnitude and an angle dependent on the length of the 
rsl is given by rsl = (10.1) 
r51 relates the wave incident on the source port, a , to the reflected s 
wave b 5 • = (10.2) 
Applying this condition to the 3-port matrix of the transistor reduces it 










Sctg + Sctd + 













From (9.2) the 3-port matrix elements for the MGF1801 at 5.75 GHz are: 
s gg s s gd gs 1.346;-131.28° 0. 834 ;'43. 43° 1.355 ;18.56° 
8dg 8dd 8ds = 3. 208 ;46. 84° 1.308;-103.82° 1.386;-129.5f (10.4) 
s s s sg sd ss 1.364;-103.00° 0. 993 ;44. 61° 0. 807 ;46. 48' 
To determine the values of source reactance which give Ir I > 1 Wagner's 
g 
equation is used to plot the I rsll = 1 circle into the gate reflection 
coefficient plane with the drain terminated in 50~. This procedure has 
been described as Step 2 of Section 9.2.1.2. From (9.13) and (9.15) the 
centre of the If I= 1 circle in the gate reflection coefficient plane is sl 
= 7.99 /-130.7° (10.5) 
and the radius is Rg 7.63 (10.6) 
The same technique can be used to map the I rs11 = 1 circle into the drain 
reflection coefficient plane with the gate terminated in 50~. In this 











The centre of the I rs
1
1 = 1 circle in the drain reflection coefficient is 
thus given by: 
* sdd - L\ g50Sss 
1 - 1Sssl 2 
= 6.14 /-125.7° (10.8) 
where ti g50 = (10.9) 
and the radius by = 5.68 (10.10) 
Program MAPPING (Appendix N) automates the calculation of the centre and 











plane for a 2-port network. It also calculates the maximum input 
reflection value and the corresponding load reactance. 
Applying MAPPING to the reduced 2-port matrices (9.12) and (10.7) gives 
results (10.5) through (10.10) as well as 
= 15.61 /-130.7° for x5 = 116.4 Q (10.11) 
= 11.82 /-125.7° for X5 = 117.6 Q (10.12) 
Thus the value of source reactance required to maximise r9 differs 
slightly from that required to maximise rd· A value of source reactance 
-jlOOrt was chosen for this oscillator which gives: 
= 11.99 /-169.5° (10.13) 
and rd = ~.86 /-166.5° (10.14) 
Figures 10.2(a) · and 10.2(b) show the I fsll = 1 circle plotted into the 
gate and drain reflection 
matrix elements in (10.3) 
coefficient planes respectively. The diagonal 
can be used to calculate the drain and gate 
reflection coefficients for different source reactance values. These 
values of X
5 
can then be marked on the circles. The chosen source 
reactance of~ -jlOOrt is marked with an arrow in both diagrams. 
/ 
j aJ -jtOO j aJ 
~ 









Fig 10.2 Mapping of I Tsll = 1 into (al Tg and (b) Td reflection 












For X5 = -jlOOrl, f sl = l /-53. l 
0
• Substituting this into matrix (10. 3) 
T 
gives the reduced 2-port matrix ~ for the transistor terminated in a 






8.310 /-20.9° J 
8.684 /-166.48° 
(10.15) 
10.2.2 Determination of Optimum Resonator Position for Maximum Drain 
Reflection Coefficient 
Having set the value of the source impedance at -jlOOrl the resulting 2-
port S-parameters are given by (10.15). The second step of the procedure 
is to determine the value of reflection coefficient r l which maximises g / 
the reflection 
relation 
coefficient rd at the· drain port (Figure 10.3) from the 
= 
Tg I Tgl T d 
w w_JW I d 
I I sf Tsl 
z ~e~ - -- Za gl x I I s 
Fig 10.3 Determination of DR position on 
gate for CS oscillator 
(10.16) 
rgl as shown in Figure 10.3 is the reflection coefficient provided by a 
DR coupled to a microstripline in bandstop configuration. The magnitude 













/ I . 
k=3 
"k=2 
+P P is Practical DR position 
8= 45.r-
T is Theoretical DR position 
Fig 10.4 ITd I= constant circles in the gote load ref!. coef. 
plane for CS oscillator 
The figure shows that as I rd I increases the radius of the I r d.1 circle 
decreases until eventually it converges to a point in 




) plane. This is in agreement with what we would expect 
. g g g 
from (10.17) and (10.18) as shown below: 
R = 
= (10.21) 
Thus as lrctl~oo, R -;;;. 0 (10.22) 
Sgg T* 1 
Also, for lrctl~ 00 , Q~ = 
ISggTl2 Sgg T 
(10.23) 












microstripline and the phase is set by the distance of the centre of the 
DR from the gate. 
Since IS gg T j and IS dd TI are both greater than one, the expressions 
derived in Appendix I cannot be used to find the value 
of r gl (Kgl' 8gJ! which maximises rd. The approach used in this case is 
the constant reflection coefficient approach in which circles of 
constant reflection coefficient magnitude I rdl are plotted in 
the f l(K l 8 l) plane. g g , g 




sggT*( lrctl2 - ISctctTl2) + SctdTsgdT*sctgT* 




Figure 10.4 shows Ira I= constant circles plotted in the r91 (Kgl,egl) 




,e91) plane is equal to 180° 
since for a DR e
91 
degrees away 












Thus as I rd I ~ 00 
(10.24) 
The optimal resonator position for maximum drain reflection coefficient is 
thus determined by plotting the point 
1 
-- l::r..n in the rg1( gl,eg1) plane 
lrgl .:2. 
For the source terminated in -jlOOQ and the drain in SOQ 
r = 11. 99 / -169. 5° giving g 
1 
= -- /-r = 0.084 /169.5° 
lrgl -g 





For Ir g I > 1 as Ir g I increases so K decreases 
K' + 1 
lrg1I 
1 - lrg1I 
1 
lrgl - 1 
For I r g I = 11. 9 9 , K' = 0 . 0 91 from ( 10 . 2 8 ) . 







= 95.3° (10.30) ' 
10.2.3 Designing for Best Frequency Performance 
From equations (10.25) and (10.28) above, increasing lrgl moves the 











to son . Thus maximisinglfgl 
coefficient and results in a DR 
minimises the required DR coupling 
resonant circuit with a high loaded Q 
factor. This brings about better frequency stability characteristics as 
described in Chapter 6. 
Figure 10.5 shows the locus of the I rdl =infinity point in the gate 
reflection coefficient plane as a function of source reactance. As 
predicted a source reactance of -jll8D requires the smallest coupling 
coefficient for oscillation at 5.75 GHz. The chosen value of -jlOoD is 
very close to optimum. 












Fig 10.5 Locus of the I Td I = infinity point in the gate 
ref!. coef. plane as a fn of source reactance 
10.3 Design Results for Common Drain and Common Gate 5.75 GHz Series 
Feedback Oscillators 
Figure 10.6. overleaf sha.rs (a) comnon drain (CD) and (b) common gate (CG) 













(a) common drain (b) common gate 
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Fig 10.6 Series feedback oscillator topologies 
10.3.1 Cormnon Drain Design Results 












Fig 10.7 Mapping of I Tdll = 1 into (a) Tg and (b)Ts reflection 
coefficient planes for CO oscillator 
Figure l?.7(a) and Figure 10.7(b) show thelrdl I circle plotted into the 
gate and source reflection coefficient planes respectively for the CD 












centre of l~dll circle in the gate ref!. coef. 
plane is 3.88 /2.7° 
radius of lrd1I circle in the gate ref!. coef. 
(10.31) 
plane is 3.76 (10.32) 
is 7.64 for Xd = 38. Hl 
centre of lrd1I circle in the source ref!. coef. 
plane is 1.80 /-140.0° 
radius of lrd1I circle in the source ref!. coef. 
plane is 1.93 
(rs)max is 3.74 for xd = 38.0Q 
A drain load of j30Q was selected (Marked with an 
Figure 10.7(a) and Figure 10.7(b) which gives 
rg 6.01 /-33.7° 










Figure 10.8 shows lrsl =constant circles plotted in the 
rg1(~gl,eg1) plane. The optimal resonator position is given 
by: 
1 ~gl 
rg1 = /-rg = 0.166 /33.7° = /360 299.1 
lrgl K'gl + 1 
(10.39) 
·from which K'gl 0.20 (10.40) 
., 


















P is Practical DR position 
T is Theoretical DR position 
Fig 10.8 ITs I = constant circles in the gate lood refl. 
coef. plane for CD oscillator 




- j16. j50; 1
20 --7 
L--
j20 " j16 
j23 
. (a) (b) 
Fi•J 10.9 Mapping of I Tgll = 1 into (a) Ts and (b) Td reflection 













Figure l0.9(a) and Figure 10.9(b) show the lr
91 
I = 1 circle plotted into 
the source and drain reflection coefficient planes for the CG oscillator. 
The following results apply: 
centre of lrg1I circle in the source refl. coef. 
plane is 2.20 /-132.6° (10.42) 
radius of lrg1I circle in the source refl. coef. 
plane is 2.28 (10.43) 
4.48 for Xg = 22.7Q (10.44) 
centre of lrg1I circle in the drain refl. coef. 
plane is 3.44 /29.1° (10.45) 
radius of lrg1I circle in the drain refl. coef. 
plane is 3.30 (10.46) 
(rd)max is 6.74 for Xd = 21. 7Q (10.47) 
A drain load of j20Q was selected (Marked with an arrow in 
Figure 10.9(a) and Figure 10.9(b) which_ gives 
rs = 4.28 /-149.9° (10.48) 
rd = 6.63 /18.7° (10.49) 
Figure 10.10 shows lrdl = constant circles plotted in the 
rs1(~sl,es 1 ) plane. The optimal resonator position is given 
by: 
1 
= = 0.233 /149.9° 
·from which ~sl = 0.305 
esl = 105.1° 
K'sl 
= 
K'sl + 1 





















/ P is Practical DR position 
T is Theoretical DR position 
Fi<~ 10.10 I Td I constant circles in the source l 1Jad refl. 
coef. plane for CC; oscillator 
10.4 Modelling Theoretical cs, CD and CG Oscillators on 'IDUCHS'IDNE (TS) 
L 
g CS FET d 
~S= S-param 
~ -r c s ii 2.4mm 
R 9.1 Ohms 
J, 
= 
L = 0.10951pH 
c 6.9958nF 












Figure 10.11 shows the circuit diagram of the TS model of the CS 
oscilldtor used to check the best theoretical position for the resonator. 
Vdlues of R, L and C were calculated using equations (5.15), (5.17) and 
(5.18) with K = 0.091 from (10.?9) and Ou= 2300 from Figure 7.4. The 
vdlue of 1 was determined from (10.30) and A = 37.99mm. 
g 
Table 10.1 tabulates 1 (length of reactive stub),K, R, L. c and 1 
comrron 
for all three oscillators. Also tabulated are R .t and 1 t which are 
op op 
. optimised values. of R and 1 which give the best output reflection 





Tobie 10.1 Theoretical resonator position results from 
TS models of oscillcitors 




2.40 0.0910 0.10951 6.9958 9.10 9.03 
12.36 0.200 0.24069 3.1831 20.0 19. 71 
11.39 0.3047 0.366679 2.08939 30.47 30.03 
8 I I 
(deg.) (mm) (m~) 
95.25 10.05 ·10.25 
163.2 "17.22 "17. 14 














EEsof - Touchstone - Tue Aug 30 11: 10: 54 1988 - XCS 
D DB[ S11] 
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Fig 10.12 Touchstone generated output for optomised CS oscillator 
Figure 10.12 shows the TS generated output for the CS oscillator with 
R t and 1 t values. The ootimised values of R and C agree very closely op op L 
with tne calculated values of R and C for all 'three oscillators. These 
results validate the design calculations of Section 10.2 and 10.2 
10.5 Construction of Oscillators, Practical Determination of Resonator 
Position and Practical Details 
10.5.l Construction 
Figures 10.13(a), 10.14(a)and 10.15(a) are photographs of the constructed 
cs, CD and CG oscillators respectively. Figures l0.13(b), l0.14(b) and 
10.15(b) are corresponding schematic diagrams. The bias circuit of Figure 
9.13(d) was used to bias the gate and that of Figure 9.13(b) for the 












( a ) Ph o tograph 
- jl 00 Oh m source stub 
Tun ing disc 
// 
50 Ohm load 
( b ) Schematic diagram ( de bias ccts shown ) 












j.30 Ohm drain 
stub 
Output 
50 Oh m load 
(b) Schematic diagram (de bias cc ts NOT shown) 














j20 Ohm gate 
stub 
50 Ohm load 
Output 
(b) Schematic diagram ( de bias NOT shown) 











10.5.2 Practical Determination of Resonator Position 
The best practical positions found for the resonators are shown marked 
on the schematic diagrams. The corresponding positions in 
the f ( 
1
) , f ( 
1
) d and r( .1) planes have been marked on Figures 10.4, g cs g c cg 
10.8 and 10.10 respectively. The best practical position for the 
resonator was found by a process of trial and error. The distance of the 
DR from the FET was fairly critical with oscillation only occurring 
for 0.5mm from the best position. The distance d of the resonator from 
the microstripline was adjusted to give the minimum coupling for which 
reliable startup occurred across the bandwidth of the oscillator. 
Table 10. 2 tabulates the values of d, K,jf gl I , 1 and LI'gl- corresponding to 
the practical resonator positions. K is found from d using the graph in 
Figure .7.3, I rgl I from K using equation (10.26) and LI'gl- from 1 using 
equation (10.20)~ 
Table 10.·) Practical resonator position results 
Osc d k IT 91 I I 
LT 91 
(mm) (mm) (deg.) 
cc:: 0. 0 I ·) 0.8780 23.25 -80.6 •.._) I.~ 
CD ·1 . ::.e. 2.15 0.6826 !.88 -149.7 
CG 1.::::0 2.6 0. /220 ·16.92 39.3 
10.5.3 Practical Details 
(i) Bias circuit problems 
To achieve maximum bandwidth from the oscillators it was found that the 
bias circuits had to be very well decoupled from the microwave circuit. 
To achieve this the positions of the RF de bias chokes on the 
microstriplines were adjusted and new chokes wound if necessary. The best 
test to determine whether satisfactory biasing had been achieved was to 
start the oscillator up with the DR in position and then rerrove the DR. 
No oscillation at any frequency indicated the bias circuits were in fact 













t<'igui:-e 9.12 was not included. This resulted in bias cfrcuit oscillations 
at ai:-ound 10 MHz. No RF power was detected out of the oscillator since 
the 22pF capacitor and Son load on the output formed a high pass filter 
with a 3dB cut off frequency of roughly 1 GHz. That the FET was 
oscillating was evident from the fact that the drain current was 
uni:-esponsive to variations in V • Oscillation was detected by placing a gs 
probe connected to the spectrum analyser near the FET. 
(2) Pi:-oximity of DR to de Blocking Chip Capacitor 
An interesting effect was observed with the first CS oscillator built. 
The initial placement of the gate de isolating chip capacitor was close to 
the optimal position of the DR. As a result the dominant coupling between 
the microsti:-ipline and the DR was no longei:- the TE 01 mode but the second 
DR mode noted in -Chapter 7. This was evident from the fact that 
decreasing the airgap distance x had the effect of decreasing the 
oscillation frequency i:-ather than increasing it. The problem was solved 
by moving the de blocking capacitor well away from the DR. 
(3) Tuning Output for Maximum Power 
As pointed out in Chapter 5 the last stage in the design of a series 
feedback STDRO is to tune the output for maximum power. In the case of 
the CS oscillatoi:-, tuning the output by means of a tuning disc, as shown 
in Figui:-e 10.13, significantly inci:-eased the output power and enhanced the 
bandwidth. Using a metal tuning disc on the output of the CD and CG 
oscillators resulted in only a slight increase in power at 5.75 GHz and 
this at the expense of other oscillator parameters such as mechanical 
_tuning range. For this i:-eason no output tuning was performed on these two 
oscillators. 
10.6 Comparison of Theoretical and Pi:-actical Resonator Positions 
Figures 10.4, 10.8 and 10.10 show the theoi:-etical and practical DR 
positions in the DR reflection coefficient plane for the three types of 
oscillator. All the practical points lie - within i:-egions where 
oscillation is possible for the output terminated in a passive load i.e. 











However, a comparison of the actual results for Kand 1 in Table 10.2 with 
the predicted values of Table 10.l shows that agreement is not that good. 
The practical coupling coefficient values are roughly three times larger 
than the theoretical ones for the CD and CG oscillators. This deviation 
is not that unreasonable considering that the coupling was adjusted to 
allow startup across the entire oscillator bandwidth and the FETs are 
operating under large signal conditions with a resultant drop in gain. 
The CS oscillator, whilst theoretically requiring the smallest coupling 
coefficient, in practice required the largest. This was due partly to the 
fact that the DR was adjusted to produce maximum output paver under high 
power conditions. 
The difference in the theoretical and practical values of 1 is harder to 
explain. For reliable startup at 5.75 GHz one would expect that 
1th t would be the best distance of the DR from the FET since this · eore 
distance should give the best probability of oscillation under small 
signal conditions. Placing the DRs at distance ltheoret did not, 
however, result in oscillation. This was probably due to a combination of 
the following factors: 
(1) the actual small signal S-parameters of the FET were different to 
those quoted by the manufacturer 
(2) the bias circuits were not entirely decoupled and contributed to the 
terminating impedances seen by the FET although every effort was made 
to ensure this did not happen 
(3) the transistor leads did· not make contact with the microstriplines 
right at the transistor - the FET leads were cut short to lmm to try 
to eradicate this problem 
10.7 Practical Results Obtained for co, CS and CG Oscillators 
This section presents the 
feedback oscillators. The 
results obtained from. the co, CS and CG series 
next section compares the three types of 












The results of the CD oscillator are presented and discussed first since 
this oscillator had the best frequency stability characteristics .• 
10.7.1 Practical Results for CD Series Feedback Oscillator 




Fig 10 16 Mechanical tuning 
Characteristics of Common 
Drain Oscillator 
-+- Frequency 
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Figure 10.16 shows frequency, power out of the source port, power out of 
the gate port and output efficiency as a function of tuning disc height x 
above the DR. 
From Figure 7.6 is is seen that TE 01 mode coupling increases with x from 0 
to 3.5 turns. Since the DR coupled to the gate microstripline constitutes 
a ba~dstop filter, as the coupling increases so a higher percentage of the 












an increase in source output paver as x is increased. Figure 10.16 shows 
this is true for x between 1 and 3.2 turns. For x below 1 turn the source 
output power is roughly constant with x. This can be attributed to the 
fact that other factors determine output power, such as the matching 
conditions on the gate due to the DR bandstop filter and the frequency of 
oscillation which affects matching conditions on the other ports. These 
factors are both functions of x. At 3.2 turns the slope of the f vs x 
curve changes from negative to positive indicating that the mode of 
oscillation has changed from the TE 01 mode to the DR rrode investigated in 
Chapter 7. Figure 7.6 indicates that this change over occurs for x~4.15 
turns for a passive DR BRF. However, as discussed in Section 10.5.3, the 
dominant DR mode is very dependent on conditions in the cavity such as the 
proximity of the DR to other microwave components. 
Figure .10.16 also shows the output. power efficiency as a function of x. 
This curve has a shape which is similar to that of the output paver which 
is what we would expect from the theory presented in Chapter 6. 
Fig_ 10. 17 CD Pushing and Pulling 
Characteristics vs Airg_ao ht. 
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Figure 10.17 shows the V pushing characteristic as a function of x for x gs 
between 0 and 3 turns. Figure 7.7 shows that QL is approximately constant 
for the TE 0 ~ mode for x = 0 to 2.5 turns. If QL was the only factor 
affecting frequency stability then we would expect the frequency stability 
to decrease slightly from 0 to 2.5 turns. Instead, best frequency 
stability, as measured by the pushing characteristic, occurs at 1.5 turns. 
This indicates that the pushing characteristic observed is dependent on 
non-linear characteristics of the FET and not just on the DR BRF. 
Figure 10.17 also shows the pulling characteristics of the CD oscillator 
on the gate port and on the source (output) port as a function of x. The 
results are expressed in terms of Q where Q is defined by (9.19). 
ex ex 
It is seen that the best frequency stability on the source port occurs at 
x ~l turn corresponding to a frequency of 5.880 GHz. The external Q 
measured on the gate port is about three times that for the source port. 
This is because the DR acts as a buffer between the perturbing lead and 
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Figure 10.18 shows the variation in oscillation frequency as a function of 
temperature for oscillation frequencies of 5.85 GHz, 5.75 GHz and 5.60 
GHz. ·rhe measured slopes of the straightline graphs are -0.04 MHz/°C (-
6.84 ppm/°C), -0.04 MHz/°C (-6.96 ppm/°C) and -0.0481 MHz/°C (-8.59 
ppm/°C) respectively. 
Figure 7.10 shows the measured variation of the filter's notch frequency 
for a frequency of 5.75 GHz. The slope of the straightline graph 
corresponds to a temperature coefficient of -7 ppm/°C. 
The fact that, at 5.75 GHz, the measured temperature coefficient for the 
BRF is almost exactly the same as the temperature coefficient of the 
oscillator indicates that the phase shift with temperature of the FET is 
small. ( Cl¢G/ClT ) for the FET can be calculated using equation (6. 9) and 
from this equation it follows that ~f (dfr/frdT) is equal to (df/fdT) then 
(Cl¢G/ClT) = 0. That is, for {Cl¢G/ClT) = O, the temperature coefficient of 
the oscillator is determined solely by the temperature coeffident of the 
BRF. 














Fig 10. 19 Mechanical tuning 
Characteristics of Common 
. Source Oscillator 
Frequency 
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Figure 10.19 shows frequency, power out of the drain port, power out of 
the gate port and output efficiency as a function of airgap height x. 
From Figure 10.19 it is seen that drain output paver drops and the power 
out of the gate port increases with increasing x (decreasing f). This 
indicates that the coupling of the DR BRF decreases with increasing x. 
















Fig 1020 CS Pushing and Pulling 
Characteristics vs Airgap ht. 
Dre.In pulling char. 
-t- Gate pulling char. 
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Figure 10.20 shows the V pushing characteristic and the drain (output) gs 
and gate pulling characteristics (in terms of Qex) as a function of x. 
The best output frequency stability occurs at 5.950 GHz (0.75 turns) as 


































Fig 1021 Frequencv vs Temoerature 
Characteristics of 
CS oscillator 
5. 75GHz (-15.8ppm/K) 
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--*'- 5.95GHz (-7.1ppm/K) 
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Figure 10.21 shows the frequency vs temperature characteristics of the CS 
oscillator for oscillation frequencies of 5.95 GHz, 5.85 GHz and 5. 75 GHz. 
The measured slopes of the straightline graphs are -7.1 ppm/°C, -9.l 
ppm/°C and -15.8 ppm/°C respectively, i.e. the temperature stability gets 
worse as x is increased. This agrees with the frequency stability trends 






















Fig 1022 Mechanical tuning 
Characteristics of Common 
Gate Oscillator 
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Figure 10.22 shows frequency, power out of the·drain port, pOYJer out of 
the source port and output efficiency as a function of airgap height x. 
The figure shows that the drain output power increases, reaches a maximum 
·and then -decreases as x is increased. Maximum output power occurs at 
about 5.6 GHz (2.5 turns). The turning point in the frequency versus x 
curve indicates that, as for the CD oscillator, the mode of oscillation 
switches from the TE 0 ~ mode to a second DR mode at around 5.15 GHz. As 
for the other two oscillators the output efficiency curve follows the 












Fig 10.23 CG Pushin,g_ and Pulling 
Characteristics vs AirqaQ ht. 
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Figure 10.23 shows the Vgs pushing characteristic and the drain (output) 
and source pulling characteristics (in terms of Q ) as a function of x. 
ex 
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Figure 10.24 shows the frequency versus temperature characteristic at 5.75 
GHz. The measured slope of the straightline graph is -11.8 ppm/°C. 
10.8 Comparison of Practical Results Obtained for the CD, CS and CG 
Osei llators 
Table 10.3 compares the- results obtained for the three series feedback 
configurations. 
The results show that the CD oscillator performed best for all criteria 
evaluated with the exception of output power and efficiency. The superior 
frequency stability of the CD oscillator is.to be expected since the QL of 
the DR BRF (760 from Figure 7.5) is highest for this oscillator. The DR 
BRF of the CG oscillator has the next highest QL (670) and the oscillator 
has the second best frequency performance. Although the QL s of the CD & CG 































































































































































































































































































































































































































































































































































































































































































































































































































































































is at least three times as good as that of the CG oscillator in terms of 
the pushing and pulling characteristics. This indicates that for the 
particular FET used the CD configuration results in a DKu with the best 
frequency stability characteristics. 
The CG oscillator configuration is traditionally the configuration used 
for maximum bandwidth. Figure 10.23 shows that the CG oscillator achieved 
maximum bandwidth for operation in the 2nd DR mode. In the T8 01 mode, 
however, the highest CG oscillator frequency was 5851 MHz which falls far 
short of the highest frequency of either the '"CS (6136 MHz) or CD (6256 
MHz) oscillators. 
The CS oscillator recorded the highest output power results. This can be 
seen as the result of the tight DR BRF coupling giving maximum reflected 
power and the fact that this configuration is that normally used for the 
FET as a power amplifier. The high efficiency of the CS oscillator at 
6.07 GHz (20.5%) results from the high output power of 130mW at this 
frequency. The best efficiency at 5.75 GHz was recorded for the CG 
oscillator (16.5%) although output power at this frequency was less than 
that of the CS oscill~tor. 
10.9 Conclusions 
From the results presented in Sections 10.6, 10.7 and 10.8 the following 
conclusions can be drawn: 
(1) the small signal S-parameters supplied by the manufacturer can be 
used to calculace the required reactance of the comnon stub - they 
are not particularly useful concerning the placement of the DR 
(2) the placement of the DR is best performed practically 
(3) the oscillator configuration which will give the· best frequency 
stability results cannot be predicted accurately using the 
manufacturer's small signal data - this can only be determined from 



























COMPARISON OF SERIES FEEDBACK STDROS WITH DR STABILISED OSCILLATOR 
11.l Comparison of Series Feedback STDRO and DR Stabilised Oscillator 
Results 
Table 11.1 Evaluation of two tyRes of DRO- in terms of size. 
design effort and oscillation at design frequency 
Factor Series feedback DR stabilised 
Oscillator Oscillator 
Design Very low reasonable 
Effort 
large for 3-port 
Size compact microstripline 
oscillator 
Design freq. Stabilised osc 
Osc at design near centre did not oi::cur 
Frequency of osc range at 5.75 GHz 
Table 11.l compares the two types of ORO constructed in terms of design 
effort, size and oscillation at the design frequency. The table shows that 
the series feedback STDROs provide the better design option on all three 
criteria. 
Table 11.2 compares the DROs in terms of the practical results obtained. 
'l'ne tdble shows that the CD series feedback Stdros outperformed the 
stabilised microstrip ORO on all accounts. 
11. 2 Conclu'sions 
From the previous section it can be concluded that, for practical ORO 
.design, series feedback oscillators are the obvious choice. Compared to DR 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SUMMARY OF MAIN THESIS RESULTS AND CONCLUSIONS 
This chapter briefly summarises the main results obtained and conclusions 
reached in this thesis. They are presented under the following headings : 
(lJ The GaAs MESFET ORO as a narrowband source (Chapter 3) 
(2) Optimal design of microwave oscillators and-DROs (Chapter 6) 
(3) Practical DR bandreject filters (Chapter 7) 
(4) Practical DR bandpass filters (Chapter 8) 
(5) DR stabilised 3-port microstrip oscillator (Chapter 9) 
(6) Practical series feedback STDROs (Chapter 10) 
( 7) Comparison of series feedback STDROs with DR stabilised oscillator 
(Chapter 11) 
' 
12.1 The GaAs MESFET ORO as a Narrowband Source 
(1) DROs totally outperform Gunn cavity stabilised oscillators. They 
outperform crystal locked oscillators on all criteria except 
frequency temperature stability and long term stability 
(2) GaAs FET, DR and MIC technologies are ideally suited to the 
construction of a narrowband source which is highly stable, reliable, 
compact, low cost and efficient 
(3) The long-term stability of GaAs FET devices needs to be investigated 
further 
(4) GaAs MESFET MIC' OROS have recorded 
efficiency, output power, output power 
external Q factor 














12.2 Optimal Design of Microwave Oscillators and DROs 
(l) Once a particular oscillator topology has been chosen, the three 
basic parameters available for performance optimisation are 
selection of the active device, the matching of the device and the 
coupling of the resonant system into the circuit 
(2) In general, optimisation for a particular characteristic proceeds at 
the expense of other characteristics 
12.3 Practical DR Bandreject filters 
(1) Since BRFs are used to reflect power, s11 results should be used 
where these differ significantly from s 21 results 
(2) ·rhe frequency stability of a BRF (as indicated by QL) decreases with 
increasing coupling 
l3) 3lmil dielectric DR BRFs have a useful coupling range roughly nine 
times that of lOmil dielectric filters (0.2 to 13 compared with 0.1 
to 1.5) at 5~75 GHz 
l4) Within their narrow range of coupling values lOmil dielectric BRFs 
have higher values of QU and QL ie they exhibit better frequency 
stability over the corresponding 3lmil dielectric filters 
(5) The existence of two DR resonant modes means that, when the BRF is 
used in an oscillator, resonance can occur in a mode other than the 
desired TE 01 mode 
12.4 Practical DR Bandpass Filters 
llJ Since BPFs are used to transmit power, s 21 results should be used for 
characterisation 
(2) Practical results· for equally coupled DR BRFs agree closely with 













the theory derived provides a good method for producing accurate 
models of equally coupled BPFs 
12.5 DR Stabilised 3-port Microstrip Oscillator 
(1) A three-port microstrip oscillator topology is suitable for building 
an unstabilised microstrip oscillator at a specific frequency with 
high output power and a poor pulling factor 
(2) Such an oscillator can be designed on a ~frequency domain computer 
package such as ·rouCHSTONE, using the manufacturer's small signal s-
parameters, if 1s 21 1 is reduced to allow for saturation of the 
transistor under large signal steady state conditions 
(3) The reduction of js 21 I can be determined using a convergent numerical 
method 
(4) Under small signal start up conditions there are two possible source 
load reactances which give a particular gate reflection coefficient -
this results in two possible oscillator configurations 
( 5) ·roucHSTONE models of the two configurations can be evaluated to 
determine which model to build 
( 6) Stabilising a microstrip oscillator using a 
dramatically improves the frequency stability 
range for which stabilisation occurs 
DR on the output 
over the frequency 
(7) For the stabilised oscillator constructed, stabilisation performance 
did not agree well with theory and stabilised- oscillation did not 
occur at the design frequency of 5.75 GHz 
12.6 Practical Series Feedback STDROs 
(1) Of the three series feedback STDROs constructed, the corranon drain 
oscillator exhibited the best tuning range, frequency stability and 












produced the maximum output power at .5.75 GHz and the common gate 
oscillator the best efficiency at this frequency 
(2) Small signal S-parameters supplied by the device manufacturer can be 
used fpr calculating the required reactance of the corrmon stub - they 
are not particularly useful for positioning the DR 
(3) DR placement is best performed practically 
(4) The oscillator configuration which results in best frequency 
stability cannot be accurately predicted from the manufacturer's 
small signal S-parameters - actual construction of the oscillator is 
required 
(5) Frequency stability can be traded off against output power and 
efficiency 
· 12.7 Comparison of Series Feedback STDROs with DR Stabilised Oscillator. 
(1) Compared to the DR stabilised scillator, the series feedback STDROs 
were easy to design, compact and oscillated at their design frequency 
( 2) ·rhe series feedback STDROs constructed outperformed the DR stabilised 
oscillator on all narrowband criteria evaluated 
(3) From the above, series feedback STDROs provide a far better design 












RECOMMENDATIONS FOR FUTURE RESEARCH 
This chapter briefly presents recommendations for future research arising 
from the practical work undertaken and the literature reviewed. The 
- recommendations are made under the following headings : 
(l) DR bandreject filters 
(2) DR bandpass filters 
(3) Series feedback STJ?RO:_!s 
(4) Other oscillator configurations 
13.l DR Bandreject Filters 
(1) One result which is worth further investigation is the existence of 
the 2nd DR resonant mode and how it can be eliminated. The results of 
Chapter 10 show that this mode had the effect of limiting the 
effective tuning range of the series feedback STDROs built. Initial 
investigations, with conductive card sections placed in the filter 
cavity, indicate that the 2nd DR mode can be attenuated with little 
effect on the desired ·rE01 resonance 
(2) It would be interesting to examine coupling range and Quality factor 
as a function of frequency for lOmil and 3lmil DR BRFs to see if a 
specific dielectric thickness is favoured for a specific frequency 
range 
13.2 DR Bandpass Filters 
(1) The BRFs constructed were all on lOmil RT DUROID. The effect of 
dielectric thickness on coupling and Quality factors would be worth 
investigating 
(2) The configuration which results in a phase inversion (see Chapter 5) 













13.3 Series Feedback STDROs 
All design work carried out on the series feedback STDROs constructed was 
done using the manufacturer's small signal S-parameters. For more accurate 
design large signal conditions should be taken into account. There are two 
possible approaches to this. The first is to measure the large signal 
three-port S-parameters of the device over a range of frequencies and 
power levels. This is not usually a practical solution since most network 
analysers are 'only capable of two-port measurements at low signal levels. 
The second method is to do three-port load-pull~measurements to determine 
optimum oscillation conditions. This method is time consuming and only 
really appropriate to the particular device under test. It is doubtful 
that it would produce better results over ·the method described in 
Chapter 10 which amounts to two-port load-pull optimisation with the 
common reactive stub fixed. 
13.4 Other Oscillator Configurations 
Two types of DROs whose practical construction have not been discussed in 
this thesis are OR feedback STDROs and reflection OROs. Both are worthy of 
practical investigation although reflection DROs have the DR on the output 
port resulting in reduced output power. 
Thece ace two possible approaches to designing parallel feedback 
o.::;cillators. The first is to design the feedback loop carefully with the 
FET used as an amplifier (see Chapter 5). This method has the advantage 
that the FET can be used in the grounded corrmon source mode which allows 
optimum heatsinking and is the only configuration possible for many 
packaged FETs. The method has the disadvantage that the transmission 
coefficient phase angle foe the FET is not usually known undec large 
signal conditions. This makes the length of the J:oop indeterminate 
although tuning of the coupling lines to the DR is possible. The best MIC 
layout for this configuration is probably that due to Podcameni 
(Podcameni, 1985: 1331). The second approach is to use the FET as a three-
port device. Miccostriplines from two of the ports are arranged at eight 
angles and coupled through a DR to pcovide the necessary parallel 
feedback. The third port is the output port. Altering the position of the 











the feedback circuit to be adjusted practically for best oscillator 
performance. Ishihara et al. _have investigated practically this approach 
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APPENDIX A 
Results from Literature Review of Different Types of DROs 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Equivalent Impedance and Reflection Coefficient Conditions for 
Oscillation (Vendelin, 1982: 134) 
From (4.2a) and (4.2b), 
R + R = 0 ( B. 1) 
x + x = 0 ( B. 2) 
By definition, 
R + jX - Zo 
r = ( B. 3) 
R + jX + Zo 
R + jX - Zo 
r = ( B. 4) 
R + jX + Zo 
From ( B. 1) and (B.2), 
R = - R x = -X 
Substituting into ( B. 4) gives 
-R - jX - Zo R + jX + Zo 1 
r = = = ( B. 5) 
-R - jX + Zo R + jX - Zo r 
















Fig. C.1 Equivalent circuit of a DR Bandstop filter 
The circuit to be analysed is shown above in Figure C.l 
First look at the admittance of the LRC circuit, 
j 1 




l/R + j (wC - 1/ ( wL) ) 
Total impedance of circuit in Fig C.1 is given by, 
ZTOTAL = = 
1 
+ Zo 
1/R + j(wC - 1/(wL)) 
Thus the normalised input impedance is given by 
1/Zo 
= + 1 
1/R + j(wC - l/(wL)) 
( c. 1) 
( c. 2) 
(C.3) 














= + 1 (C.5) 
1 + j2Quo 
R 













Determination of Unloaded and Loaded Quality Factors for a DR 
BRF 
The initial ai~ is to determine the loci of the points, on the 
impedance (S 11 ) and transmittance (S2i) planes, for the 
frequency deviations corresponding to Ou and OL· 
Substituting (5.10) into (5.2) we can write 
2K' 2 K' 
= 1 + = 1 + ( D. 1) 
i + j20uo 
The normalised frequency deviations corresponding to Ou and OL 
are given by 
1 1 
= ± ( D. 2) and = ± ( D. 3) 
Thus the impedance locus 
( D. 2) into ( D. 1) to give 
(zin)u = 1 + 
1 + 
Substituting K' = 
(zin)u in terms of s 110 
= 1 + 
of Ou is given by substitution from 
2 K' 2K' 
= 1 + 
j2(±1/2Su)Su 1 ± j 
= ( 1 + K' ) ± jK' ( D. 4) 
from (5.1) we can determine 
8110 
± j.----
1 - S110 
= 
l ± jSllO 
l - S110 











The corresponding reflection coefficient (8 11 )u is found using 
the relation 
(zin)u - 1 8 110 ( 1 ± j(l - 8 110)) 
(8 11)u = = 
(zin)u + 1 8110
2 - 28110 + 2 
5110 ±jtan-1(1 - 5110) 
(511)u = .e ( D. 6) 
'1(8110 2 - 28 110 + 2) 
The r~lation for the Ou locus in the transmittance plane. can 
be obtained using the relation 
= 1 -
8210 ( 1 + 5210) ± 
= 
8210
2 + 1 
v2 
5210· .e 
v( 1 + 82102) 
j 
± 
8110(1 ± j(l -8110)) 
8110 2 - 28110 + 2 
5210(1 - 5210) 
jtan-1( 
1 - 8 210 
) 
1 + 5210 ( D. 7) 
The relations for the loci of the loaded Quality factor in the 
8 11 and 8 21 coefficient planes are obtained in an exactly 










Table 0.1 Summary of results for Ou and QI loci for DR bandstop filter 
Ou 
Reflection Coefficient S 110 
I S110 I 
J S~10 -2Sno +2 1 
org(S110 ) 
-1 
±ton (1 - S,,o) 
±TT 
4 
Transmission Coefficient S 2,o 
org(S210) 




-1 [1 - s,,~ ±ton -
1
--
5 + 210 
184 
Determination of 01! and o1 from the Transmission Magnitude 
Display 
Referring to Figure 5.3(a) if we can calculate h and m for the 
transmission coefficient, we can determine Ou and QL from the 
display. 
5210 is a voltage coefficient, thus the insertion loss is 
given by : 
= ( D. 8) 
L210) 
thus s21 o = 10 
- ( 2 0 ) 
( D. 9) 
(1) To determine the value of m 
v2 













3 - 101og10 (1 + 10 ) (D.11) 
(2) To determine the value of h 
1 1 ...r2 
= = (D.12) 
= 
-O.lL210 
3 - 10log10 (1 + 10 ) 
(D.13) 
Define x h = m = 
-O.lL210 
3 - log10 (1 + 10 ) ( D. 14) 
Thus by measuring L210 we can calculate x and apply this value 
to the display to determine Ou and OL· 
Determination of Ou and Qfu from the reflection magnitude 
display 
Referring to Figure 5.3(b) if p and n are known then Ou and OL 
can be determined from the display. 
s 110 is a voltage coefficient, thus the magnitude of L110 in 













( 1) To determine the value of p 
S110 
v(S1102 - 25110 + 2) = (D.17) 
I (S11)ul 
thus p = 20log10 [ 5110 J 101og1o(S1102 = - 25110 + 2) 
I (S11)ul 
O.lL110 0.05Ll10 
= 101og10 (10 2.10 + 2) (D.18) 
( 2 ) To determine the value of n 
S110 
v2 (D.19) = 
I (S11)LI 
20log10 
[ S110 ] 201og10v2 thus n = = 
I (S11)LI 
= 3dB (D.20) 
Thus by measuring L110 we can calculate p and n and use these 












Derivation of S-parameter Matrix for Equally Coupled DR BPF 
tJ TB Zo ~ Zo L c 
1: n, n 2 : 1 
Fig E.1 Equivalent circuit of DR COUQled to two microstri12lines 
Figure E.1 above shows the circuit to be analysed 
Calculation of Sll 
Consider the input admittance looking into the first 
transformer as shown in Figure E.2 below 
k, kG 
n ~. Zo 
L._ _ __. __ __, 
1: n, n 2: 1 
Fig E. 2 ln12ut admittance of- circuit 
The circuit can be simplified to that shown in Figure E.3 
below 
J; n I 
























































- 1 - jl:i 
1 + K' 1 + K' 2 + jll 
188 
( E. 1) 
( E. 2) 
( E. 3) 
( E. 4) 
1 
( E. 5) 
+ j6) ni2 
- -
n22 
+ j6) n12 
+ -
n22 
( 1 + j6) 
( E. 6) 
















Calculation of Sll 
The easiest method of calculating s21 is to express it in 
terms of voltages and current~ as shown in Figure E~4 
~I 
io " I, k / k~/\,/ I 
v,l Z: j vl ) (,. .>7 ) ( v >Lo ) ( 2 > 
r ( )(LJ 
1: r\ n 2: 1 
_Fig E.4 Calculation of S21 from voltage and cut-rent considerations 
We need to express V2, I 1 1 and I2 in terms of v 1 
v = nlVl ( E. 9) 
1 ni 
V2 = (-)V = (-)V1 (E.10) 
n2 n2 
V1 
I1 = (E.11) 
Z1 
I1 [~1~1 ]v1 ( E. 12) I = = ni 
ib = VYLRC = 
[l+jd] 
nl -R- Vl _ (E.13) 
t:z1 -
n 1 (1 + jd) l 
ia I - ib Vl (E.14) 
R 
-n2· [-1- - ni( 1 + j a) l I2 -ian2 = .v1 ( E. 15) 
















V1 + ZoI1 
al - (E.17) 
2vz 0 
V2 - ZoI2 
b2 - ( E. 18) 
2vz 0 
V2 - ZoI2 
Thus S21 = (E.19) 
Vl + ZoI1 
[n1 [ 1 n1 (1 + j6)]] V1 - + Zon2 -- - (E.20) 
n2 . nlzl R 
= 
V1(l + Zo/Z1) 
1 
From (E.5) Z1 = (E.21) [l + jti 
+ n2~ZJ n12 R 






+ + ( 1 + j ti) 
ni2zo n22zo 
R R 
By definition, K' 1 - (E.23), K'2 - (E.24) 
n12zo n22zo 
Thus 
2v ( K'1K'2) 
821 = (E.25) 












Determination of Unloaded and Loaded Quality Factors for an 
Equally Coupled DR BPF 
At resonance, for equal coupling, we have from (5.19) 
-1 
= = ( F. 1) 
1 + 2 K' 
Also = l + S110 ( F. 2) 
giving K" = = ( F. 3) 
The unloaded and loaded quality factors are related by the 
coupling coefficient 
Ou = ( F. 4) 
Loci of Unloaded and Loaded Quality Factors 
We require the loci of Ou and OL·as a function of s11o and of 
s210 in the impedance (S 11 ) and transmittance (S2 1 ) planes 
respectively 
From (5.19) = 
-1 - j20uS 
( F. 5) 
1 + 2 I<' + j 2 Ou s 
This gives a normalised input impedance 
= = (F.6) 











The normalised frequency deviations corresponding.to Ou and OL 
are given by 
1 1 
= ± ( F. 7) and = ± ( F. 8) 
20u 
Loci of Oy in the Impedance <S11l and Transmittance (S 211 
Planes 
Substituting (F.7) into (F.5) gives 
( 1 ± j) -1 +'t -1( K' ) -J an 
K' + 1 
( F. 9) 
= = ---------.e 
v(2K'2 + 2K' + 1) (2K' + 1) ±j 
then substituting for K' from (F.3) gives the locus of Ou in 
the impedance plane in terms of 8110 
1 + 8110 
±jtan-1 ( ) 
-------~.e 1 - 8110 
v(l + s1102) 
v(2) .s110 
( F. 10) = 
The relation s2 1 = 1 + s 11 can be used to find the locus of 
Ou in the transmittance plane 
= 
= 
K'( ( 2 I\ + 1 ) - j ) 
21\2 + 2 K' + 1 
1 -
= 
( 1 ± j ) 
(21<'+ 1) ± j 
-1 
KV2 · ±jtan-1 ( ) 
-------.e 2K' + 1 · 
v(2~ + 21<' + 1) 
(F.11) 
Substituting for K' in terms of s2 1o using (F.3) gives 
8210 ±jtan-l(s210 - 1) 
= .e 











Loci of Qb in the Impedance (Sll) and Transmittance (51.!.l 
Planes 
.The normalised input impedance expressed in terms of QL is 
K' 
= 
1 + K' + j2(1 + 2K')QL 
1 K' For SL = ± (Zin)L = 
2QL 1 + K' + j ( 1 + 2K') 
(zin>L - 1 -(1 + K' ± j K') 
This gives (S11)L = 
(zin>L + 1 1 + 2K' 





1 + 21<' 
~ in terms of S110 from 
(S110 - 1) - j(S110 + l) 
2 
.. 
For the transmittance plane 
K(l ±j) 
= 
1 + 2 K' 
v2K' ± j 45 
= .e 
1 + 2K' 
( F. 3) gives 
(F.13) 














Substituting for ~ in terms of s210 we get 
S210 ±j45 
(F.18) = --.e 
v2 
Summary of Results 
The results obtained are summarised in table F.1 
Table F.1 Summary of results for Ou and QI loci for DR bandpass filter 
Reflection Coefficient S., 0 Transmission Coefficient s~IO 
I S110 I arg(S 110) I s 2•0 I arg(S 2,~ 
Ou ±tan -
1 [~ ~ ~· 0] Sz.o -1 -S11ofS2 ± tan (S 21o 1) 
110 110 J 52210 -25210 + 2 I 
j1 ; s.:o ±tan -1 [..!..__±___§10] S210 ±TT o~ -1 - Si10 12' 4 
Determination of Ou and QL from the Transmission Magnitude 
Display 
Referring to Figure 5.9(a), if a and bare known then, Ou and 
QL can be determined from the display. 
8 210 is a voltage coefficient, thus the insertion loss is 
given by 
= ( F. 19) 
L210) 
thus 8 210 10 












(1) To determine the value of a 
From (F.12), 
= -201og10 I 
1 
]dB (F.21) 
br(5210 2 - 25210 + 2) 
(2) To determine the value of b 
From (F.18), 
-20log10 (1/v2) = 3dB (F.22) 
Determination of Oy and a1 from the Reflection Magnitude Display 
Referring to Figure S.9(b), if c and dare known then, Ou and 
QL can be determined from the display. 
(1) To determine the value of c 
From -( F . 10 ) , c 
= -20log10 [ v
2 J dB 
v(l + 51102) 
(F.23) 
(2) To.determine the value of d 
From (F.16), 












Conversion of Two-port S-parameters into Three-port S-
parameters 
The indefinite three-port S-parameter Matrix satisfies the 
following conditions (Kajfez, 1986: 482) 
3 
E S · · = 1, for i = . 1, 2, 3 
. 1 l J 
J= 
- 3 




( G. 1) 
( G. 2) 




S11a1 + S12a2 + 5 13a3 
S21al .+ S22a2 + S23a3 
S31a1 + S32a2 + S33a3 
( G. 3) 
( G. 4) 
( G. 5) 
For the common source configuration we apply the following 
constraint 
= = -1 ie port 3 shorted to ground 
Using (G.6) in (G.3), (G.4) and (G.5) we get 
b1 = S11al + S12a2 b3S13 
b2 = s2 1al + S22a2 b3S23 
b3 = S3 1al + S32a2 b3S33 
This gives 
b3 
S31 + S32. = al a2 
1 + S33 1 + S33 
and eliminating b3 from ( G. 7) and ( G. 8) gives 
( G. 6) 
( G. 7) 
( G. 8) 












[sn S13S31 ] [s12 S13S32 ] b1 = al + a2 
1 + 833 1 + 833 
(G.11) 
and b2 r21 - S23S31] [s22 523532] = a1 + a2 
1 + 833 1 + 833 
( G. 12) 
This can be written in matrix form as 
= 
= 
If we denote the 2-port common source 5-parameters by 






( G. 15) = 811 - = 5 i2 -





( G. 17 )-= S21 - = 5 22 -
1 + S33 1 + S33 
Also from ( G. 1) and ( G. 2) we have 
S11 + S12 + S13 = 1 (G.18) S11 + S21 + S31 = 1 (G.21) 
S21 + S22 + S23 = 1 (G.19) S12 + S22 + S32 = 1 (G.22) 
S31 + S32 + S33 = 1 (G.20) S13 + 5 23 + S33 = 1 (G.23) 
We thus have ten equations which is sufficient to solve for 



















1 + S33 
giving S32 = ( 1 - S12T - S22T) 
2 
(G.26) 
Similarly 1 + S33 













From (G.17) S22 = S22T + 
5 23 5 32 
(G.28) 
1 + S33 
From (G.21) 5 11 = 1 5 21 S31 (G.29) 
From (G.23) S13 = 1 S23 S33 (G.30) 
From (G.20) S31 = 1 S32 S33 (G.31) 
From (G.22) S12 = 1 S22 S32 (G.32) 
From (G.19) S21 = 1 5 22 S23 (G.33) 
Thus all the 3-port S-parameters- have been expressed solely in 
terms of s 11T, s 12T, s2 1T and s2 2T ie they can be evaluated 












Manufacturer's Small Signal S-parameter Data for MGF1801 
MITSUBISHI SEMICONDUCTOR <CaAs FET> 
MGF1801 (2SK279) 
FOR MICROWAVE MEDIUM-POWER AMPLIFIERS 
N-CHANNEL SCHOTTKY BARRIER CATE TYPE 
Su, S21 n. f 
' . . . . . . \(I'. 
S PARAMETERS (Tc~ffc. Vos=SV. 1;,~1oomA) 
S Parameie« ITYP I 
Sz1 
,.:.·x;:::·· 




S22 S11 ---:-- S12 
(GHz) ..,.-------~-----+-----,----,-------i----~-------1 
Magn j -'.ng'.~ :d"? I ! "l.11n t.ngle Ide<] i ! -2-ro:st51·----:::-au-t o.r.42 42.3 
4 · 0.671 -143.5 I 0.049 23.6 
6 0.587 172.2 I 0.056 71. I 
8 0.663 116.9 II 0.079 28.4 
10 0.736 88.1 O.ii90 8.5 
12 o. 69~ I 12. 6 I o. ~~s - 25. 1 ____ _.. _____ _.._ _______________ ._ ______ ._ _____ ~ 
M~gn Angle (<jeq.1 Magn. Angle Cdeg. I 
4. 760 106. 7 0.492 - 51.6 
3. 311 58. 7 0.410 - 82.l 
2. 735 22. 7 o.sa -102.2 
2. 133 -25.1 0.495 -161,8 
1.420 -62.6 D.652 165.9 
1.077 -98.3 0. 780 129.2 












Mapping the Load Reflection Plane of a Two-port Network into 
the Input Reflection Plane (Wagner, 1979) 
~ 
~ Load ·2-port 2 
Network --1 z, 
s, 
Fig 1.1 Two port network terminated in a load 
Consider a two-port network terminated in an impedance z2 with 
. associated reflection coefficient r 2 as shown in Figure I .1. 
This appendix derives an equation which maps the r 2 plane into 
the s 1 plane. Using this equation the value of r2, r20' which 
maximises s 1 is also determined. 
Terminating the two-port network in z2 applies the constraint 
which reduces the network 
characterised by a single parameter 
coefficient S1· 
= 
From (I. 2) 
S11a1 + S12r2b2 
S21a1 + S22r2b2 
= 
Substituting (I.3) into (I.1), 
to a 

















bl = S11a1 + (I. 4) 
1 - r2s22 
bl 511 - 6 r 2 
S1 = = ( r. 5) 
al 1 - 5 22r2 
where 6 = S11S22 - S12S21 
Equation (I.5) is a conformal mapping of the r 2 plane into the 
s 1 plane ie circles in the r2 plane map into circles in the s 1 
plane. 
s 1 can be written as the sum of two vectors - one of which is 
independent of r 2 and defines the centre of the mapping. 
S11 - ti r 2 (S11 -tir2 )(1- ls221
2 ) 
S1 = = 
1 - S22r2 ( 1 - S22r2)(l ls221 2 ) 
* * Sil. - ti r2 - S11S22S22 + ti r2s22S22 
= 
(1 - s22r2)(l - IS221 2 ) 
* -(S11 - tiS22 )(1 - S22r2) 
= 
(1 - s22r2)(l - 1s22l2) 
= 
* S11 - 6 5 22 
1 - IS221 2 
( r. 6) + 
The factor can be written as 










impedance Z2 when normalised to complex impedance z22 
ie = 
where = 





(Z2 - Zo) - S22*(Z2 + Zo) 
(Z2 + Zo) - S22(Z2 - Zo) 
* * Z2(l - S22 ) - Zo(l + S22 ) 
Z2(l - S22) + Zo(l + S22) 





which has unity magnitude and phase angle equal to 











From (I. 6) and (I. 9) the mapping may be expressed as 
81 = 810 + klr2' (I.10) 
811 - 6822 * 
where 810 = (I.11) 
1 - 15221 2 
kl 
812821 
G - S22 *J = ( I.12) 1 - 15221 2 - 822 
Z2 - Z22* 
r2' = (I.13) 
Z2 + Z22 
The form of the mapping given by equation (I .10) can be used 
to graphic~lly map the r 2 plane into the 5 1 plane by 
normalising the r2 plane to Z22, scaling it's magnitude by 
jk1 1, centering this locus at 5 10 in the 5 1 plane and rotating 
it by arg(k1)· 
Equation (I. 10) can also be used to optimise the one-port 
reduction, in the sense of maximising the coefficient 5 1 . 5 1 
is. easily seen to be a maximum when I r 2 ' I is a maximum ( ie 
lr2 ' I = 1) and k 1r2' is in the direction of 5 10 . 
81max = (I. 14) 
where u 10 is a unit vector in the direction of 5 10 
The value of r2, r 20 , which maximises 81 is given by 
1 + (u12/u10> 5 22 * 
r2o = 
(u12/u10) + 822 
( I.15) 











This is shown below 
5 12S21 [ * r20 - 5 22 lk1lu10 = 1 - S22r2J from (I. 6) 1 - IS221 2 and (I. 14) 
IS12S21I [r20 *] - S22 = Ul2 (I. 16) 
1 - IS221 2 1 - S22r20 





IS12S21I IS12S21I r20 *J 
- 5 22 
so u10 = u12 ( I.18) 
1 - ls221
2 1 - IS221 2 1 - S22r20 
u12 1 - s22r20 
- = (I.19) 
* u10 r2o - 8 22 
1 + (u12/u1o)S22 * 
giving r2o = (I.20) 
(u12/u10) + S22 
The optimum terminating impedance z20 corresponding to r2o is 
given by 
= 
and the optimum input impedance by 
= 
1 + 8 1max 














Calculating the Two Load Reactances which give a Specific 
Value of Gamma in the Input Plane 
The situation 
For S1max < '6 














Fig J.1 Reactive termination of a two-port 
to be investigated is shown above in 
< Slmin there are two load reactance 
give I S1 I = ~ on the input. These have 
r2a and r2b respectively. 
Figure J .1. 
values, Xa 
reflection 
(a) Expressing rJ in terms of the 2-port S-parameters and tlie 
input ref lec~ion coefficient 
From Appendix I 










5 12 5 21522 
* 
S1 - S11 -
IS221 2 1 -





- A = 
'6 /S1 + x 
r2 - S22 * 
1 - S22r2 
S12S21 IS221 2 
1 - ls221 2 
207 
( J. 2) 
( J. 3) 
( J. 4) 
( J. 5) 
( b) Solving for /Sl values corresonding to 1s1 1 = Q and 
1£21 = 1 
Limiting Z2 to reactive loads puts the constraint lr2I = 1 on 
r2 values ie 
( J. 6) 
Thus ~ L§.1 + x 
1 ( J. 7) 
y + S22 ~/Sl 
Cross-multiplying and multiplying through by /Sl produces a 
quadratic in /Sl 
A(/S1)2 + B(/Sl) + c 0 ( J. 8) 
where A = x*~ - y*ts22 (J.9) 
B = ({ 2 + lxl - IYl 2 - I S22 I 2 ~2 (J.10) 
c = x D - yS22*~ (J.11) 











-B ± v(B2 - 4AC) 
2A 
(c) Determining ra and load reactance values 
208 
( J .12) 
Subs ti tu ting the values of ( /S 1) obtained from ( J. 12) back 
into (J.3) gives two values of r 2 . These r 2 values correspond 















*-* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *'* * * * * * * * * * * * * * * * * * * * * * * * * * * 
c Name of program: DESIGN 
c Author D A Crouch 
c Date 23 February 1988/last update 12 July 1988 
c 
c This program incorporates the design steps. for a microstrip resonated 
























the small signal common source s-parameters of the device 
a keyboard entry for gamma - the small signal reflection coef. 
on the gate. 
the centre and radius of the mod(Ts)=l circle in the gate 
the infinite load direction 
for the two possible source reactances which give gamma -
the reflection coef. 6n the gate 
the value of source load ref!. coef. 
the corresponding source reactance value. 
the reduced common source S21 value which gives gamma-=! 
the ref!. coef. on the gate with new S21 
the centre of the mod(Ts)=l circle in the gate with new 821 
the radius of the mod(Ts)=l circle in the gate with new 821 
the new infinite load direction 



















write(l,'(2f10.4) ') dreal(SllT),dimag(811T) 
read(2,*) x,y 
S12T=dcmplx(x,y) 























501 format(lh ,'Minimum Gamma is 'f8.2/ 
+ ' Maximum .Gamma is 'f8.2/ 
+ ' Selected Gamma is 'f8.2//) 
GREAL=GAMMA 
If (GREAL.lt.MSlmin) then 
write(*,*) 'Value entered too low' 
Elseif (GREAL.gt.MSlmax) then 

























110 format(lh ,'!st reactive source load giving Gamma= 'f8.2/) 





format(lh ,'Reflection coef. on gate is 
' Source load refl. coef. is 




Do 400 j=l,2 
if (j.eq.l) then 
Sl=anglel 
Ttwo=T2A 
'f8.3' angle 'f8.2/ 
'f8.3' angle ' 
'f8.3' Ohms' 


















DO 300 I=l,20 





























































format(lh ,'Reduced common source S21 is 'f8.3' angle 'f8.2/ 
' Gate refl. coef. is 'f8.3' angle 'f8.2/ 
' Centre of mod(Ts)=l in gate is 'f8.3' angle 'f8.2/ 
' Radius of mod(Ts)=l in gate is 'f8.3/ 
' Infinite source load direction 'f8.3/ 










rad = dreal(rect)· 

















if (x.lt.O.Q) then 






























Listing of TOUCHSTONE Model for Oscillator A 
Program to model oscillator A 
30 ohm stubs on gate and source,50 ohms on output 














msub er=2.2 H=0.2540 T=0.01778 RH0=0.84 RGH=O.O 
S2PA 1 2 3 M7sp.s2p 
MLEF 3 W=l.56 L=36.81 
MLEF 1 W=l. 56 L=33. 59. 
def lp 2 OSCA 
Z0=50. 
OSCA DB[Sll] GRl 
OSCA RE[Zl] GRl 
OSCA IM[Zl] GRl 
SWEEP 5 6 0.01 
RANGE 5 6 0.25 














Determining the Limits of the Stabilisation Ranges 
The edges of the stabilisation ranges occur when ( d f Id fr) fO 
becomes infinite. ie when 
f - fr 
F' ( ) = 0 
fr 
f - fr 
From (9.28) F ( ) can be written as 
fr 
A 
F(x). = .x. ( 1 + 2). 
1 + Bx 
(M. 1) 
f - fr 
where x = ( ) ( M. 2) 
fr 
2 K' Or. 
A = 
( 1 + 2 K') 2 Ooex 
( M. 3) 
4Qr2 
B = 
( 1 + 2 K') 2 
(M.4) 
Then 
(1 + Bx2)2 + A(l + Bx2) - 2ABx2 
F' ( x) = 
( 1 + Bx2) 2 
( M. 5) 
For F'(x) = 0 , (B2)x4 + (2B - AB)x2 + (A+ 1) = 0 
ie 
= 
(AB - 2B) ± v((2B - AB)2 - 4(B2)(A + 1)) 
2B 












(A - 2) ± A( 1 - 4/A + .... ) 
= Since A >> 1 
2B 
( M. 6) 
A - 3 A 




and = (M. 8) 
B 
ie xb = ±v(A/B) (M. 9) 











Substituting for A, B 
K' 1 
= ----.--.fr 

















c Program MAPPING 
c Written by D A CROUCH 
c Date 23rd October 1987/last update 28th June 1988 




c This program maps the load reactance circle of a 2-port network into 
c the input reflection coefficient plane. 
c 
c Inputs: The S-parameters of the 2-port network 
c 
c Outputs: K - the stability factor of the 2-port 
c SlO- the centre of the.load reactance circle in the input refl 
c coef plane 
c Kl - the radius of the load reactance circle in the input ref l 
c coef plane 
c UlO- unit vector in the direction of SlMAX 
c Ul2- un~t vector in the direction of Sl2*S21 
c SlMAX - maximum value of ref l coef in input for a reactive loa 
.c on output.This occurs for a reactive-load Z20 on output 
c T20- ref l coef of load on output which gives SlMAX 
c Z20- reactive load on output which gives SlMAX 
c ZlO- optimum small signal input impedance for 2-port terminate 













write(*,'(a\)')' enter s12 (rho, theta)' 
read(*,*) x,y 
Sl2=dcmplx(x,y) 
. wrLte(*,'(2fl0.4)') dreal(Sl2),dimag(S12) 
write(*,'(a\)') ' enter s21 (rho, theta) 
read(*,*) x,y 
S21 = dcmplx(x,y) 
write(*,'(2f10.4)~) dreal(S21),dimag(S21) 











S22 = dcmplx(x,y) 
write(*,'(2£10.4)') dreal(S22),dimag(S22) 
write ( 1 , ' ( a\ ) ' ) ' 
write ( 1, ' ( 2f10. 4) ' ) 
write ( 1 , ' ( a\ ) ' ) ' 
write ( 1, ' ( 2f10 . 4) ' ) 
write ( 1, ' (a\) ' ) ' 
write ( 1, ' ( 2f10. 4) ' ) 
write ( 1, ' (a\) ' ) ' 







































WRITE ( *, ' (A\) ' ) ' K 
write(*,101) dreal(K),dimag(K) 
WRITE ( *, ' (A\) ' ) ' S 10 ' 
write(*,101) dreal(SlO),dimag(SlO) 
WR I TE ( * , ' (A\ ) ' ) ' K 1 ' 
write(*,101) dreal(Kl),dimag(Kl) 
WR I TE ( * ' , ( A\ ) I ) I u 10 , 
write(*,101) dreal(ulO),dimag(ulO) 












WRITE(*,'(A\)') ' SlMAX 
write(*,101) dreal(SlMAX),dimag(SlMAX) 
WRITE ( *, ' (A\) ' ) ' T2 0 ' 
write(*,101) dreal(T20),dimag(T20) 
WRITE ( *, ' (A\) ' ) ' Z 2 0 ' 
write(*,101) dreal(Z20),dimag(Z20) 
WRITE(*,'(A\)')' ZlO ' 
write(*,101) dreal(ZlO),dimag(ZlO) 
write(l,104) 
104 format(lh ,//,' Results ',//) 
WRITE( 1, '(A\)') ' K 
write(l,101) dreal(K),dimag(K) 
WRITE(l,'(A\)')' SlO ' 
write(l,101) dreal(SlO),dimag(SlO) 
WRITE ( 1, '(A\)') ' Kl . ' 
write(l,101) dreal(Kl),dimag(Kl) 
WRITE(l,'(A\)'), UlO I 
write(l,101) dreal(ulO),dimag(ulO) 
WRITE(l,'(A\)'), Ul2 I 
write(l,101) dreal(ul2),dimag(ul2) 
WRITE(l,'(A\)') I SlMAX , 
write(l,101) dreal(SlMAX),dimag(SlMAX) 
WRITE ( 1, I (A\) I ) I T2 0 
write(l,101) dreal(T20),dimag(T20) 
WRITE ( 1, ' (A\) ' ) ' Z 2 0 ' 
write(l,101) dreal(Z20),dimag(Z20) 
WRITE(l,'(A\)') ' ZlO ' 
write(l,101) dreal(ZlO),dimag(ZlO) 
write(l,105) 
105 format(lh ,//////) 







c Functions ptor and recp included in Appendix K 
c 
c ************************************************************************** 
-·2 3 OEC 1988 
